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Sexual dimorphism, or the phenotypic differences that exist between males and females of 
the same species, is widespread throughout nature.  Sexually dimorphic traits are primarily 
generated by differences in gene expression between the sexes, commonly known as sex-
biased gene expression. In this dissertation, I explore the evolutionary patterns and 
consequences of sex-biased gene expression across Drosophila species.  
 
The most obvious sexually dimorphic characteristics exist in adult stages and consequently 
patterns of sex-bias in early Drosophila development have not been well-studied. In 
chapter 1, I examine patterns of sex-biased gene expression during ontogeny in two closely 
related Drosophila species belonging to the D. pseudoobscura group (D. pseudoobscura 
and D. persimilis). This study provides insight into global patterns of sex-bias gene 
expression throughout development between species.  
 
The visual pathway in Drosophila shows abundant evidence for sex-biased and species-
specific differential gene expression. In chapter 2, across 12 different Drosophila species, I 
	  
examine rates of protein sequence evolution of genes in this pathway to determine if 
observed differences in gene expression correlate with rates of evolutionary change at the 
level of protein sequence. As a whole the visual pathway in Drosophila exhibits strong 
conservation at the level of protein sequence over 65 million years of evolutionary time 
suggesting that observed differences in levels of transcription are the result of differences 
in the underlying regulatory mechanisms.  
 
The comparative molecular evolutionary analysis of the visual pathway revealed a 
novel isoform-specific lineage-specific duplication event of the key signal transduction 
activator gene G-alpha-q. In D. melanogaster, G-alpha-q is present as a single-copy and 
alternatively spliced in a tissue- and isoform-specific manner. The same gene is 
duplicated in an isoform-specific manner in the species belonging to the subgenus 
Drosophila such that each duplicate appears to retain the exon complement of only one of 
the splice-variants. In chapter 3, using experimental and computational approaches, I 
examine the evolution of the gene structure and expression of these novel isoform-
specific duplicates. This analysis revealed a mechanism by which duplicate genes can 
evolve novel functions and expression patterns (including sex-biased expression patterns) 
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INTRODUCTION 
 
Understanding the mechanisms driving phenotypic diversity both within and 
between species has remained an active area of research in evolutionary biology since 
Darwin. Classically, phenotypic divergence between species and between the sexes 
across many different taxa has been examined in the pursuit of distinguishable 
morphological and/or behavioral characteristics and traits between the organisms under 
investigation (Brush 1970; Cuervo and Moller, 1999; Figuerola and Green, 2000). 
However, many of these studies rely on measurements of very specific traits and often 
cannot capture all of the differentiating characteristics between species and between the 
sexes. Since the majority of morphological, physiological and behavioral traits of an 
organism are the result of the interactions of many genes that are regulated at the level of 
transcription, gene expression itself can be thought of as a molecular phenotype (Madan 
Babu et al. 2004; Davidson and Erwin 2006; Ben-Tabou de-Leon and Davidson 2007). 
Gene expression fluctuates throughout the course of an organism’s life span; these 
changes can be divergent between species, between the sexes and even between 
individuals (White et al. 1999; Jin et al. 2001; Arbeitman et al. 2002;Ranz et al. 2003; 
Schadt et al. 2003; Whitehead and Crawford 2005; Ellegren and Parsch 2007; Jiang and 
Machado 2009; Pavey et al. 2010; Assis et al. 2012; Romero et al. 2012; Parsch and 
Ellegren 2013). Thus measuring and comparing gene expression changes is a precise 
quantitative way to determine the global transcriptional changes that play a role in 
phenotypic diversity.  
Much of the genome is highly conserved at the level of protein coding sequence 
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even between deeply divergent species (King and Wilson, 1975; Rubin et al. 2000) yet 
there is great morphological, physiological and behavioral disparity between closely 
related species and between the sexes. It has been shown that these divergences are due in 
large part to differential regulation of gene expression during development (reviewed in 
West-Eberhard 2005; Carroll 2005; Carroll 2008). The contrast between the sexes is 
particularly striking given the near identical nature of their genomes. This means then 
that the sexually dimorphic traits observed in nature are also the result of differential 
regulation of expression patterns unique to one sex over the other during development, or 
so-called sex-biased gene expression (reviewed in Williams and Carroll 2009).  
The most obvious sexually dimorphic features are often exhibited in the adult 
organism. For this reason, a majority of sex-biased gene expression studies have been 
limited to comparisons between adult males and females (Ranz et al. 2003; Jiang and 
Machado 2009; Assis et al. 2012; Naurin et al. 2011; Pointer et al. 2013). However, these 
are just snapshots in time of a particular gene’s status of sex-bias. Very few studies have 
been conducted to get a full picture of the developmental trajectory of sex-biased genes 
(Mank et al. 2010; Magnusson et al. 2011; Zhao et al. 2011; Perry et al. 2014). As a 
result, the dynamics of sex-biased gene expression throughout an organism’s life cycle 
are not well understood. For example, how early in development does sex-biased gene 
expression manifest itself? Once sex-bias is acquired, does a gene remain sex-biased 
throughout life? Or do switches in sex-bias occur within an organism’s lifespan? 
Additionally, because no such studies have been conducted between even closely related 
species, it is difficult to say if observed patterns of sex-biased gene expression throughout 
development are species-specific or if they are evolutionarily conserved. Thus, an 
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exploration of global dynamics of sex-biased gene expression throughout development is 
critical to furthering our understanding of sex-biased gene expression evolution. 
Genes involved in generating sexually dimorphic traits and other complex 
phenotypes do not act alone but rather within pathways that mediate critical 
developmental, physiological and organismal processes. Changes in the activity of gene 
pathways are therefore responsible for generating changes to the phenotype during an 
organism’s life cycle and for generating changes that differentiate between the sexes and 
species. Thus, understanding the general properties of gene pathways is of fundamental 
importance to biology. However little is known about how even well characterized 
pathways differ between individuals or between species.  
An ideal pathway to study the evolution of such changes would be well 
characterized both at the biochemical and genetic levels. The phototransduction signal 
transduction cascade, which is responsible for the visual response in Drosophila, is one 
such pathway. It has been shown that genes within the phototransduction pathway may be 
modulated at the level of transcription to exploit the different ecological, physiological 
and behavioral demands of the sexes and different Drosophila species (Ranz et al. 2003; 
Ma et al. 2006; Landry et al. 2007). However, it is not known if those changes at the gene 
expression level correspond to changes at the level of protein coding sequence. 
Outstanding and fundamental questions include: How do the collective genes as a 
pathway evolve over time? What are the selective forces acting on the genes of a pathway 
and how are they distributed from a small to large evolutionary scale? Is there 
coordinated evolution among the interacting partners of a gene pathway?  
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Of course, divergence of the individual components of pathways can occur at 
levels beyond differences in transcription and protein sequence change. It is expected that 
as evolutionary distance increases, changes to the topology including the distribution 
(number and type) of genes within a pathway can occur. Gene loss and gene duplication 
events occur over time and often in a lineage-specific manner. Duplicate genes are 
thought to be crucial to the growth and elaboration of gene pathways over evolutionary 
time and are subject to distinct modes of evolution (Ohno 1970; Force et al. 1999; Lynch 
and Connery 2000).  Moreover, gene duplications can gain novel expression patterns 
including sex-biased gene expression and are thought to play a role in generating 
phenotypic diversity (Force et al. 1999). An investigation of duplicate gene evolution in 
the context of a gene pathway requires a fine-scale analysis to establish the evolutionary 
forces acting on them.  
Broadly, this dissertation is a comparative genomic analysis of patterns of sex-
biased gene expression and protein evolution across multiple species of Drosophila. In 
chapter 1, I examine patterns of sex-biased gene expression during ontogeny in two 
closely related Drosophila species belonging to the D. pseudoobscura group (D. 
pseudoobscura and D. persimilis). Not much is known about sex-biased gene expression 
evolution throughout development and this study provides insight into global patterns of 
sex-bias throughout development between species.  
The phototransduction visual pathway has shown evidence of evolutionary 
change at the level of gene expression both between species and between sexes (Ranz et 
al. 2003; Ma et al. 2006; Landry et al. 2007). In order to determine if observed 
divergences in gene expression are the result of changes in protein coding sequence, in 
	   5	  
chapter 2, I examine the rate of protein evolution for all 35 genes in the pathway across 
the 12 sequenced species to establish the strength and type of selection (purifying, 
positive or neutral evolution) on each member gene in order to determine to what degree 
the proteins have retained their ancestral functions relative to D. melanogaster.  
In chapter 3, using experimental and computational approaches, I examine the 
evolution of the gene structure and expression of a novel lineage-specific duplication 
event that produces descendent duplicate copies of an alternatively spliced ancestral gene. 
This analysis revealed that the gene duplicates have undergone a complex mode of 
evolution that would suggest a mechanism by which duplicate genes can evolve novel 
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CHAPTER 1 
Sex-biased gene expression evolution throughout development in the 




Sexual dimorphism, the phenotypic differences between males and females of the 
same species, is pervasive in nature. While the phenotypic diversity between species is 
often simply understood in the context of natural selection and drift, disentangling how 
natural selection, drift, and sexual selection contribute to phenotypic diversity between 
sexes is usually much more difficult. Since Darwin's time, understanding the mechanisms 
that underlie sexually dimorphic phenotypes has been a central theme in evolutionary 
biology. 
In most species, with the exception of sex chromosomes, males and females of the 
same species have almost identical genomes. Yet, in many cases, males and females of 
the same species differ substantially in morphology, physiology and behavior. In 
addition, as a result of differences in reproductive-related interests and strategies, males 
and females typically face distinct evolutionary pressures (Chippindale et al. 2001; Rice 
1984).  Traits advantageous to one sex may be disadvantageous to the other, leading to 
genomic conflicts between the sexes known as sexual antagonism (reviewed in Cox and 
Calsbeek, 2009).  
Sexual conflict at loci can be resolved through sex-biased gene expression. Genes 
are considered sex-biased if they exhibit statistically significant differential expression 
patterns between the sexes. Sex-biased genes are classified into three categories based on 
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their direction of sex-bias – genes more highly expressed in males are male-biased, genes 
more highly expressed in females are female-biased and genes that are equally expressed 
in both males and females are unbiased. While sex-biased gene expression has been 
extensively studied and characterized across many phylogenetically distinct taxa, (Ranz 
et al. 2003; Marinotti et al. 2006; Yang et al. 2006; Mank et al. 2007; Jiang and Machado 
2009; Hale et al. 2011; Ayers et al. 2013; Martins et al. 2013; Trabzuni et al. 2013; 
Vicoso et al. 2013; Gossmann et al. 2014; Smith et al. 2014; Stuglik et al. 2014) much 
more remains unknown about the evolution and mechanisms of sex-biased gene 
expression changes throughout an organism’s life-cycle.  
In many species, sexually dimorphic traits are observed later in development; 
most especially after sexual maturation. As such, most analyses of sex-biased gene 
expression evolution have focused on adults (Ranz et al. 2003; Jiang and Machado 2009; 
Assis et al. 2012; Naurin et al. 2011; Pointer et al. 2013) and consequently not much is 
known about sex-biased gene expression throughout development. As of now, very few 
analyses examining sex-biased gene expression dynamics across multiple stages of 
development have been conducted (Mank et al. 2010; Magnusson et al. 2011; Zhao et al. 
2011; Perry et al. 2014). Moreover, the studies that have been conducted thus far have 
been conducted on a single species and as a result it is not fully understood if observed 
sex-biased expression patterns during development are species-specific or evolutionarily 
conserved. Remaining questions include: at what stage in development do we first see 
evidence of sex-biased gene expression? Do sex-biased genes remain sex-biased 
throughout development? Are these patterns conserved between closely related species? 
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Using a comprehensive comparative approach, we aimed to answer these 
questions with a development time-course transcriptome profiling dataset of males and 
females of two closely related Drosophila species, D. pseudoobscura and D. persimilis.  
These species are partially sympatric species in the western part of North America 
(Dobzhansky and Epling 1944). They diverged from one another ~0.5 MYA and 
hybridize at low frequencies in the wild (Dobzhansky 1973; Powell 1983; Schaeffer and 
Miller 1991; Wang et al. 1997; Machado et al. 2002; Machado and Hey 2003). Both 
species belong to the obscura group in the greater Sophophora subgenus within the 
Drosophila phylogeny and last shared a common ancestor with D. melanogaster ~25-40 
MYA (Singh et al. 2009). Thus far, sex-biased developmental transcriptome studies in 
Drosophila have solely been conducted on D. melanogaster. Our analyses here are 
unique in that they are the first to examine sex-biased gene expression evolution 
throughout development in a comparative manner and provide insights into the 




Custom Agilent oligonucleotide arrays were designed to capture gene expression 
profiles from four developmental time-points; two larval stages (L1 and L3), a pupal 
stage and 7 day old adult virgins from males and females of D. pseudoobscura and D. 
persimilis. After data filtering, a total of 15,473 predicted protein-coding genes were 
obtained representing 92% and 93% of the annotated D. pseudoobscura (16,787 CDS in 
release v. 2.29) and D. persimilis genomes, respectively (16,878 CDS in release v 1.3). 
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i. Sex-Biased Gene Expression Increases as a Function of Age in the  
D. pseudoobscura group.  
The phenotypic features that differentiate the sexes are most prominent after 
sexual maturation, most especially during adulthood. Thus, greater numbers of sex-biased 
genes are expected as the reproductive interests of males and females diverge. 
To determine if the number of sex-biased genes increases as development 
progresses, we performed differential expression analysis for each stage of development 
between the sexes. Using a sex-bias criterion of fold difference ≥ 2 and Padj < 0.05, we 
observe a steady increase in the number of genes exhibiting sex-biased expression as 
development progresses with the greatest level of sex-bias occurring in the adult 
organism (Table 1-1 and Fig 1-1). Interestingly, in both species, we observe more male-
biased genes in the L3 and pupal stages of development and more female-biased genes at 
adulthood (P = 0.03; χ2 1) (Table 1-1 and Fig 1-1). This is consistent with reports that 
male pre-gonadal tissue in L3 and pre-pupal stages are dominated by primary 
spermatocytes, structures that synthesize the RNA necessary for spermatid development 
(Bodenstein 1950). In contrast, the complementary structures in females, the oocytes, are 
not present yet in pre-gonadal tissue of both L3 and the pre-pupal stages (Bodenstein 
1950). Our observation of more female-biased genes in the adult stages of both species is 
also consistent with previous reports that also observed higher proportions of female-
biased genes in comparison to male-biased genes in D. pseudoobscura adults (Zhang et 
al. 2007; Jiang and Machado 2009; Assis et al. 2012).  
To determine if patterns of sex-bias are generally conserved between species, we 
identified genes that were commonly female-biased or male-biased in both D. 
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pseudoobscura and D. persimilis throughout each stage of development. Here again, we 
found that the fraction of genes commonly sex-biased (both male-biased and female-
biased) between species increases also as a function of ontogenetic time with the greatest 
overlap in number of genes in both males and females occurring in the adult stages 
(Table 1-2). In sum, patterns of sex-bias throughout development appear to be consistent 
in both species suggesting that an increase in sex-bias throughout development is 
conserved within the D. pseudoobscura group.   
Gene ontology (GO) analyses to determine functional overrepresentation of sex-
biased genes revealed that female-biased genes for both species were enriched for 
biological processes including neurogenesis, mitotic spindle organization and elongation 
as well as female-specific processes including eggshell chorion gene amplification and 
oogenesis (P adj < 0.05). Male-biased D. pseudoobscura and D. persimilis genes were 
enriched for those involved in oxidation-reduction process, phototransduction, humoral 
immune response, sperm motility and spermatogenesis (Padj < 0.05) (Table A1, Appendix 
I). 
Table 1-1: Number of Sex-biased Genes Throughout Development 
Shown are the raw number and percentage of total genes that were differentially expressed 
between the sexes at each stage using the criterion of fold difference ≥ 2 and Padj < 0.05.  
MB= male-biased, FB= female-biased, UB= un-biased. 
Stage D.pseudoobscura D. persimilis MB FB UB MB FB UB 
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Table 1-2: The number of sex-biased genes that were commonly sex-biased in both 











































































L1! L3! Pupa! Adult!
D. persimilis  
 vs. !
   
   Developmental 
Stage 
Male-Biased Female-Biased 
L1 2 7 
L3 361 19 
Pupa 938 161 





	  Figure 1-1. Fraction of 
sex-biased genes at each 
stage of development in  
D. pseudoobscura and  
D. persimilis 
Histogram representation of 
the distribution of sex-
biased genes at each stage of 
development in D. 
pseudoobscura (A) and D. 
persimilis (B).  
Genes were considered 
differentially expressed 
between the sexes if they 
exhibited a fold difference ≥ 
2 and Padj < 0.05. 
Red = female-biased, Blue = 
male-biased. 
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ii. The Dynamic Nature of Sex-Biased Gene Expression Throughout Development 
Patterns of sex-biased gene expression are dynamic; gains, losses and switches 
(male-biased to female-biased or vice versa) of sex-bias have been observed in 
comparisons of adults of closely related Drosophila species (Ranz et al. 2003; Zhang et 
al. 2007; Jiang and Machado 2009; Assis et al. 2012). However it is not fully understood 
if sex-bias is as dynamic within an organism’s life cycle – that is do sex-biased genes 
remain sex-biased throughout all stages of development?  
While we observed an increase in sex-bias (Fig. 1-1) as the organisms develop 
towards sexual maturation, we did not observe a large set of genes that remain either 
female-biased or male-biased from L1 to adulthood in the males and females of both 
species (Table 1-3).  








Species Gene Name 
(D. mel. orthologs) 
Chromosomal/Scaffold 
Location 
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In both D. pseudoobscura and D. persimilis females, exactly two genes 
maintained female-bias throughout all stages of development (Table 1-3). One of those 
genes is the ortholog of the D. melanogaster master switch gene for somatic sex -
determination Sex-lethal (Sxl).  Sxl is actively expressed throughout the life cycle of 
females, as it is required for proper female sexual development (reviewed in Penalva and 
Sanchez, 2003). In addition to Sxl, in D. pseudoobscura females, the ortholog for the D. 
melanogaster gene, CG11382, maintains female-bias throughout development. In D. 
melanogaster, CG11382 is an un-annotated gene that is highly expressed in larval and 
pupal stages and is putatively involved in imaginal disc-derived wing morphogenesis. 
Genes involved in imaginal disc-derived wing morphogenesis were significantly enriched 
(Padj < 0.05) in our GO analyses of female-biased genes.  As there is no female-specific 
gene expression data currently available for D. melanogaster at the larval stages, it is not 
possible to say at this time whether this gene is sex-biased or un-biased in D. 
melanogaster at this stage. Interestingly, this same gene is female-biased only in the 
pupal stage in D. persimilis females and remains un-biased in the other stages suggesting 
a disparity in sex-bias patterns between even these closely related species. 
 In both D. persimilis and D. pseudoobscura males, the D. melanogaster ortholog, 
CG4415, retains male bias throughout development (Table 1-3). Tissue-specific 
expression data in D. melanogaster generated by the modENCODE project 
(modENCODE Consortium, 2010) indicate this gene is highly expressed in both L3 
wandering larvae and adult testes and moderately expressed in adult ovaries. Since the 
gene is expressed at moderate to high levels in both adult gonads, it is unlikely that it 
plays a role in either female or male gonad-specific functions in D. melanogaster. This 
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suggests that this gene may have gained a novel male-biased or male-specific function in 
the ancestor of D. pseudoobscura and D. persimilis.  
 In both D. persimillis males and females, one of the two genes that maintained 
sex-bias throughout development was found only within the D. pseudoobscura group. 
The Dper\GL20534 gene in D. persimilis females and the Dper\GL26827 gene in D. 
persimilis males have no orthologs in D. melanogaster. Also in both cases, the same gene 
gains sex-bias expression at the L3 stage and remains sex-biased until adulthood in D. 
pseudoobscura. While we do not rule out the possibility of annotation errors, genes that 
are typically sex-biased are fast evolving at the sequence level in comparison to unbiased 
genes and their orthologs are often difficult to identify within the genomes of divergent 
species.  
The raw number of genes that remain sex-biased throughout development (from 
L1- Adult) is highly dependent on the statistical framework used to define sex-bias (in 
our case fold difference ≥ 2 and Padj < 0.05). However, even under a more relaxed 
measure of sex-bias (no fold difference, just a significant adjusted P-value cutoff of Padj < 
0.001), we find that only ~1.5% of sex-biased genes  (for example: 154 out of a total 
10,537 female-biased genes in D. pseudoobscura and 141 out of a total 9913 female-
biased genes in D. persimilis) remain sex-biased throughout development.  
In addition, the low numbers of genes that retain sex-bias from the L1 to the adult 
stage is likely the result of the limited number of genes that exhibit sex-biased gene 
expression during the L1 stage. More genes remain sex-biased from the L3 to adult stage 
(812 male-biased genes and 11 female-biased genes in D. pseudoobscura and 383 male-
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biased genes and 17 female-biased genes in D. persimilis (χ21 =, P= 2.26 × 10-16). The 
significant difference in the retention of sex-bias from the L3 to adult stages observed 
between males and females of both species is likely due to the delay in gametogenesis in 
females (Bodenstein, 1950). Taken together, these results suggest that most sex-biased 
genes do not maintain sex-bias throughout development; they are subject to gains, losses 
and possible switches in sex-bias. 
Genes that switch in their directionality of sex-bias (i.e. from male to female-bias 
or vice versa) are of particular interest. In the context of development, these genes 
suggest shifts in the direction of sexually antagonistic selection during ontogeny. We 
found significantly fewer gene switches from male to female bias than from female to 
male bias in both species (48/3553 M-F vs. 240/5560 F-M in D. pseudoobscura ,χ21,  
P=2.73 ×10-14  and 29/4060 M-F vs. 113/4257 F-M in D. persimilis, χ21= , P= 3.38 × 10-11 
Table A2,  Appendix I).  GO term analyses indicate the genes that switch from female to 
male are enriched for processes including the oxidation-reduction process, 
phototransduction and metabolism (P < 0.003). Genes that switched from male-to-female 
bias were enriched for humoral immune response, mitotic spindle organization, 
neurogenesis, and oocyte maturation (P < 0.007)  (Table A2, Appendix I). An 
examination of the overlap of genes that switched their sex-bias direction in both species 
revealed 39 genes that switched from female to male-biased and only 5 genes that 
switched from male to female-biased (Table A3, Appendix I). In sum, these results 
suggest that sex-biased gene expression is labile during development; marked by gains, 
losses and switches throughout the organism’s life cycle.  
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iii. Patterns of Sex-Biased Gene Expression Throughout Development 
Previously conducted sex-biased transcriptome studies in Drosophila have 
suggested that anywhere from ~50-80% of genes show evidence of sex-biased expression 
(Ranz et al. 2003; Jiang and Machado 2009; Assis et al. 2012). This suggests that a 
substantial number of genes between the sexes exhibit divergent expression patterns 
between the sexes. Since the majority of studies have been conducted on adult stages, it is 
not clear if this is also the case in pre-adult stages. How diverged are the expression 
profiles of orthologous genes between the sexes throughout development? 
One way to measure the similarity in expression profiles between two genes is to 
compute Pearson’s correlation (r) (Huminiecki and Wolfe 2004; Bhardwaj and Lu, 
2005;Yang et al. 2005). This measure allows for the quantitative determination of 
conservation between two gene expression profiles. Genes with divergent expression 
profiles throughout development will have a r of -1 (or close to -1), genes with no 
relationship have a r of 0 (or close to 0) and genes that have conserved expression 
profiles throughout development have a r of 1 (or close to 1). Using Pearson’s 
correlation, we compared expression profiles of orthologous genes throughout 
development between the sexes in both D. pseudoobscura and D. persimilis to determine 
the fraction of orthologs between the sexes that have conserved gene expression profiles 
throughout development. We expected that un-biased genes would have the most 
positively correlated expression profiles and genes exhibiting sex-bias should 
demonstrate the most divergent expression profiles (they should be negatively 
correlated). 
We find that more than half of orthologous genes (~59% between D. 
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pseudoobscura sexes and ~65% between D. persimilis sexes) have positively correlated 
expression profiles (r > 0.5) throughout development and ~21% (D. pseudoobscura 
sexes) and 18% (D. persimilis sexes) have negatively correlated expression profiles (r < 
0) (Table 1-4 and Figure 1-2). Of the genes with r > 0.5, there were more genes with near 
identical expression profiles (r > 0.8) between D. persimilis sexes than D. pseudoobscura 
sexes (8,113/15,473 compared to 6,977/15,473 , χ21, P < 2.2×10-16). These results suggest 
that the vast of majority of orthologs between the sexes have very similar expression 
profiles throughout development while ~20% have divergent expression profiles and 
another ~20% have low to no correlation.  
        	  
Figure 1-2: Comparative analysis of gene expression profiles between sexes 
throughout development 
Gene expression profiles throughout development were compared between the sexes in both D. 
pseudoobscura and D. persimilis. Histograms depicting the distribution of Pearson’s correlation 
coefficients shown here. (A) Frequencies of Pearson’s correlation coefficients (r) in comparison 
between D. pseudoobscura males and females (B) Frequencies of Pearson’s correlation 
coefficients (r) in comparison between D. persimilis males and females. 
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We expected that the orthologous genes with divergent expression profiles 
(negatively correlated expression profiles, r < 0) between the sexes would be enriched for 
sex-biased genes and unbiased genes would mostly have low-to-no correlations (0<r<0.5) 
or would be highly correlated (r<0.5). Interestingly, we found that genes with low to no 
correlation in gene expression profiles were almost 50% (1060/2865) male-biased and 
almost 50% (1283/2865) female-biased and the remainder were unbiased. More than half 
of genes with positively correlated expression profiles were unbiased (56%, 5222/9355). 
Indeed, we find that in D. pseudoobscura, 87% (2,857/3,253) of orthologous genes that 
have negatively correlated expression profiles between the sexes exhibit sex-biased gene 
expression. Of those, more than 60% (1934/2857) are female-biased. Accordingly, genes 
with negatively correlated expression profiles were enriched for the same functions 
previously observed for female-biased genes, namely oogenesis and neurogenesis (P < 
0.05). This was consistent and also observed between D. persimilis females and males.  
	  Table 1.4: Number of genes that have Pearson’s correlation coefficients within    
each threshold in comparisons between D. pseudoobscura males and females and  




An arbitrary Pearson’s correlation coefficient threshold was defined to divide the genes according 
to their level of conservation of expression profiles between the sexes. Highly positive 
correlations (r  > 0.5), low-to-no correlations (0<r<0.5) negative correlations (r <0).   
M = males, F = females. 
 
 
Comparison     r <0    0<r<0.5     r>0.5 
D. pse  M v F     3253       2865    9,355 
 D. per M v F     2,910       3,538     10,204 
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While these results suggest that nearly 20% of orthologs between males and 
females in both species have divergent expression profiles throughout development, these 
results do not say at what stage in development the greatest divergence occurs or when in 
development the divergence first becomes apparent. To determine at which stage in 
development divergence in expression between the sexes is first observed, we examined 
the correlation of expression of orthologs at each individual stage. We find that 
orthologous genes have very highly correlated expression patterns at the earliest L1 stage  
(R2 = 0.97 for D. pseudoobscura and R2 = 0.99 for D. persimilis) (Figure 1-3). However, 
we note a gradual increase in expression divergence with the greatest divergence 
occurring between the sexes at the adult stage (R2 = 0.27 for D. pseudoobscura and R2 = 
0.32 for D. persimilis), consistent with our expectation based on greater sexual 
dimorphism later in life.  
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Figure 1-3. 
Gene expression correlation 
at each stage between sexes 
 
Log2 normalized expression 
values for orthologs were 
compared at each stage 
between males and females  
 
(A) Comparison between  
D. pseudoobscura males and 
females 
(B) – (on next page) 
D. persimilis males and 
females 
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iv. Sex-biased gene expression evolution during development 
 A hallmark of male-biased genes is that they are typically fast evolving both at the 
level of gene expression and at the level of coding sequence (Meiklejohn et al. 2003; 
Zhang et al. 2004). As a result of the great deal of sequence divergence, orthologs of 
male-biased genes are often difficult to identify within the genomes of distantly related 
species. To determine if male-biased genes have fewer matches in the D. melanogaster 
genome compared to female-biased and un-biased genes, we performed a reciprocal blast 
search for male-biased, female-biased and unbiased genes against the D. melanogaster 
genome. We were only able to identify orthologs for ~ 50% of male-biased genes 
compared to ~79% for female-biased genes and 97% of un-biased genes. This difference 
Figure 1-3. (continued) 
Gene expression correlation 
at each stage between sexes 
 
Log2 normalized expression 
values for orthologs were 
compared at each stage 
between  males and females  
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is statistically significant by χ2  test (P< 2.2	 ×	 10-16). The male-biased genes for which we 
could identify D. melanogaster orthologs were enriched for cellular maintenance, 
metabolic processes as well as male-specific functions including sperm competition and 
regulation of post mating female receptivity (Padj < 0.03).  
      
  
v. De-masculinization of the X-chromosome 
It has been shown in a number of Drosophila species including D. pseudoobscura 
that sex-biased genes are non-randomly distributed across the genome (Ranz et al. 2003, 
Parisi et al. 2003, Sturgill et al. 2007, Jiang and Machado, 2009, Meisel et al. 2012, Assis 
et al. 2012). In particular, a deficit of male-biased genes on the X-chromosome in 
comparison to female-biased and un-biased genes has been observed. The phenomenon 
that leads to this deficit of male-biased genes on the X-chromosome has come to be 
known as the de-masculinization of the X-chromosome. 























Figure 1-4.  
Fraction of sex-biased 
genes with matches in the 
D. melanogaster genome  
 
tBlastx was performed with 
an e-value cutoff of 1×10-10 
to determine genes with 
matches in the  
D. melanogaster genome 
 
MB  = male-biased 
FB = female-biased 
UB = un-biased  
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MYA and became the right arm of the X chromosome (XR) or the so-called neo-X 
chromosome (Steinemann et al. 1984; Richards et al. 2005). Thus in D. pseudoobscura, it 
is expected that the level of de-masculinization is lower in the neo-X compared to the 
ancestral X (XL) which has had more time to purge male-biased genes compared to the 
neo-X chromosome. Thus, we would expect to find more male-biased genes on the XR in 
comparison to the XL.  
We compared the proportions of male and female-biased genes for each stage of 
development on both arms of the X chromosome (XL and XR) of D. pseudoobscura. We 
find more male-biased and female biased genes on autosomes than on either arm of the 
X-chromosome at each stage of development (χ2, P < 2.2×10-16) (Figure 1-5).  In 
addition, we observed a statistically significant difference between male and female-
biased genes, with significantly fewer male-biased than female-biased genes on both XL 
and XR compared to female-biased (XL: χ2, P = 9.116×10-11 and XR: χ2, P = 7.093×10-
11) (Figure 1-6).  
Table 1.5: Chromosomal distribution sex-biased genes throughout development  
Male-biased  Female-biased  
 
XL XR Autosome XL XR Autosome 
 L1 7 4 25 35 43 151 
L3 116 78 762 107 118 310 
Pupae 286 256 1399 227 257 775 













Figure 1.5: Chromosomal distribution of male biased and female-biased genes at each 
developmental stage.  
Distribution of male-biased genes (A) and female-biased genes (B) on autosomes and 





	   25	  
 
	  
Figure 1-6: Proportion of male-biased and female-biased genes on the arms of the X 
chromosome 
Distribution of male-biased and female-biased genes on both arms of the X chromosome 
and autosomes controlled for total number of genes on each chromosome.	  	  
	  
 
vi. Developmental Transcriptome Evolution Between Species  
Thus far, we have examined gene expression dynamics between the sexes of both 
species throughout development. With our data, we can also make comparisons between 
the males of the two species and the females of the two species throughout development 
to determine if the observed gene expression patterns between the sexes are also exist 
between the species. 
We performed differential expression analyses (fold difference ≥ 2 and Padj < 
0.05) on the same sex of both species (males of the two species and females of the two 
species) and observed an increase in the number of differentially expressed genes from 
the L1 to pupal stage between males of the two species and the females of the two 
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species (Figure 1.7, Table 1.6,). In both cases, we also observe a decrease in the number 
of differentially expressed genes in adults compared to those observed in the pupal stage 




Table 1-6.  
Number of genes differentially expressed between the males of the two species and 
between the females of the species at each stage of development 
 
Aside from the L3 males, less than 20% of orthologous genes were differentially 
expressed at each stage of development for both comparisons (Figure 1.7). Most of the 
differential expression between males of the two species and females of the species 
occurs in the L3 and pupal stages (Figure 1.7, Table 1.6). This is of particular interest, as 
the L3 and pupal stages are when gametogenesis takes places in both males and females. 
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Developmental Stage D.pse vs. Dper Males D. pse vs D. per Females 
L1 428  609  
L3 4229  896  
Pupa 2171  1131  
Adult 785  368  
Figure 1-7. Fraction of 
genes differentially 
expressed between the 
males of the two species 
and the females of the two 
species.  
 
Genes were considered 
differentially expressed if 
they exhibited a  
fold difference ≥ 2 and  
Padj < 0.05. 
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Oogenesis begins in the pupal stage and spermatogenesis begins after the L1. Pre-
gonadal tissue of males is dominated by primary spermatocytes by the L3 stage 
(Bodenstein 1950).  
To quantify levels of conservation of the developmental transcriptomes between 
the two species, we also compared the expression profiles of orthologous genes using 
Pearson’s correlation. We find that expression profiles throughout development are 
highly conserved between the males of the two species and likewise between the females 
of the two species. 85% (13,009/15,473) and 87% (13,495/15,473) of orthologous genes 
between the males of the two species and the females of the two species respectively had 
positively correlated (r > 0.5) transcriptional profiles throughout development (Figure 
1.8, Table 1.7). Moreover, in both sexes, of those genes with positively correlated 
expression profiles, a substantial fraction have near identical expression profiles (r > 0.8) 
throughout development (11,344 out of 13,495 (84%) between females and 10,045 out of 
13,009 (77%) between males). These results indicate that a significant proportion of the 
developmental transcriptomes between the species have conserved transcriptional profiles 
throughout development suggesting strong conservation of underlying regulatory 
mechanisms. 
Table 1-7. Number of genes in each Pearson’s correlation coefficient threshold for 
comparisons between the males of the two species and the females of the two species. 
 
  
    
        Comparison      r <0        0<r<0.5          r>0.5 
 D.pse vs. D. per Females       832         1,146         13,495 
 D. pse vs. D. per Males       870         1,594         13,009 
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Figure 1-8. Comparative analysis of gene expression profiles between species 
throughout development.  
Gene expression profiles throughout development were compared between the males of 
D. pseudoobscura and D. persimilis and females of D. pseudoobscura and D. persimilis. 
Histograms depicting the distribution of Pearson’s correlation coefficients are shown 
here. (A) Frequencies of Pearson’s correlation coefficients (r) in comparison between 
males of the two species (B) Frequencies of Pearson’s correlation coefficients (r) in 
comparison between females of the two species. 
 
To determine when in development we might observe expression divergence 
between males of the two species and females of the two species, we examined the 
correlation of expression of orthologs at each individual stage of development. We 
observed very strong conservation of expression between the females of the two species 
and the males of the two species at each individual stage of development, all R2 values 
were generally greater than 0.8 except in the comparison between males at the L3 stage 
(R2 = 0.73) (Figure 1-9). These results are in agreement with our earlier findings of a 
higher number of differentially expressed genes at the L3 stage between males of the two 
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species suggesting that there might be species-specific male differences resulting in 
divergence of gene expression at this stage. 
         
 
Figure 1-9: Broad conservation of gene expression at each stage between species  
Orthologous gene expression was correlated at each stage for males of the two species 
(A) and females of the two species (B). Gene expression values are log2 normalized.  
 
        
vii. The Developmental Transcriptomes of the D. pseudoobscura group are more 
conserved between species than between sexes 
In order to get a global picture of developmental transcriptome dynamics, we 
compared patterns of gene expression between the sexes and the species across all stages 
of development. We performed hierarchical clustering on a subset of genes (n=6,967) that 
are commonly expressed at all stages in males and females of both species (Figure 1-10).  
First, rather than clustering by species, we observe gene expression profiles 
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clustering by stage suggesting that developmental stage-specific expression has been 
conserved between the species. Conservation of developmental stage-specific expression 
has previously been observed between species belonging to the D. melanogaster 
subgroup (Artieri and Singh, 2010). However, here the inclusion of separate male and 
female expression profiles for each species allows for a fine-scale determination of sex-
by-species gene expression relationships over developmental time.  
At our earliest sampled developmental time (L1), expression profiles of males and 
females of the same species cluster together. This suggests that any sex-biased gene 
expression at this stage is negligible, as the sexes have very conserved gene expression 
profiles. Patterns of gene expression between the species are generally very conserved 
during the L1 stage as well. After L1, beginning at L3 until the adult stage, we observe 
clustering by sex rather than by species. That is, gene expression profiles of the same sex 
cluster together from the L3 stage to the adult stage. This suggests that at or by the L3 
stage, divergent expression patterns between the sexes become apparent.  
Additionally, consistent with our earlier findings, the L3 male gene expression 
profiles do not cluster together reflecting the earlier observed divergence in expression 
and comparatively higher fraction of differentially expressed genes between the males of 
the two species at this stage. Overall, our results indicate that gene expression profiles for 
the sexes are most conserved at our earliest sampled developmental time-point (L1). Sex-
biased gene expression is observed after the L1 stage, from L3 to adult stages in both 
species. Once sex-biased gene expression becomes apparent, gene expression profiles 
diverge between the sexes such that there is greater conservation in gene expression 
profiles between the same sexes of different species than between sexes of the same 
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species. These results then suggest that sex-biased gene expression plays a tremendous 






The first developmental transcriptome study of D. melanogaster was conducted 
over a decade ago (Arbeitman et al. 2002). Since then, advances in high-throughput 
transcriptome profiling technologies have allowed not only for an in-depth analysis of 
developmental gene expression and regulation but also for the identification of novel 
Figure 1-10: Heatmap 
representation of global gene 
expression dynamics across 
development in males and 
females of D. pseudoobscura 
and D. persimilis 
Gene expression profiles 
(n=6967) were hierarchically 
clustered across samples (sex, 
species and developmental stage) 
to determine global 
developmental transcriptome 
dynamics. Hierarchical clustering 
was performed using Spearman's 
correlation as a distance metric. 
Clustering relationships were 
bootstrapped for 2000 replicates 
and the resulting dendrogram was 
supported above the 95% 
confidence interval at each node. 
Gene expression profiles for 
males of both species are denoted 
in blue and and females in red.  
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transcripts (both protein-coding and non-coding RNAs) and alternative isoforms from 
multiple stages of development (Daines et al. 2011; Graveley et al. 2011).  While these 
studies have served to illuminate the complexities of the developmental transcriptome, 
they have by and large been devoid of sex-specific gene expression data from earlier 
stages of development. Thus, they have not been able to shed light on the dynamics of 
sex-bias and sex-specific expression during early Drosophila development. While the 
importance of incorporating sex into Drosophila developmental transcriptome analyses is 
quickly becoming realized (Perry et al. 2014; Perry and Mank, in press), these single-
species studies are not comparative in nature and therefore can not inform if observed 
patterns are evolutionarily conserved.  
In this study, using a comparative approach, we examined the developmental 
transcriptomes of the males and females of D. pseudoobscura and D. persimilis. This 
study is to our knowledge the first to explore in a comparative manner how sex-biased 
gene expression shapes the evolution of the developmental transcriptome in two non-
melanogaster Drosophila species.  
i.  Sex-Biased Gene Expression Increases as a Function of Ontogenetic Time  
We observed a steady increase in the number of genes exhibiting sex-biased 
expression as development progresses with sex-biased patterns greatest in the adult 
stages. In agreement with previously reported estimates for D. pseudoobscura, we found 
more female-biased genes in the adult stage compared to male-biased genes in both 
species (Figure 1-1) (Zhang et al. 2007; Jiang and Machado 2009; Assis et al. 2012). 
Additionally, we observed more male-biased genes in the earlier pre-adult L3 and pupal 
	   33	  
stages for both species (Figure 1-1). This is also in agreement with a recent study on sex-
biased gene expression evolution in pre-gonadal tissue of D. melanogaster in the L3 and 
pre-pupal stages (Perry et al. 2014). Differences in the timing of gametogenesis between 
males and females (delayed onset of oogenesis in comparison to spermatogenesis which 
is already active by the L3 stage) are thought to be the cause of the increased frequency 
of male-biased genes at these earlier stages (Bodenstein 1950).  All these patterns are 
consistent between species suggesting they are evolutionary conserved.  
 
ii. The Transient Nature of Sex-Biased Gene Expression During Development 
The trajectory of a gene from early development to adulthood is variable with 
regards to sex-biased expression. We observed gains, losses and at times switches in sex-
bias with very few genes maintaining sex-biased expression patterns throughout all stages 
of development (Table 1-3). Our results here are in agreement with a study that surveyed 
sex-biased gene expression over a range of early to late developmental time points in 
birds (Mank et al. 2010) in which a limited number of genes that maintained sex-bias 
throughout development was also observed. In addition, consistent with reports in D. 
melanogaster (Perry et al. 2014), we find that more male-biased genes maintained sex-
bias throughout development in comparison to female-biased genes (Table 1-3). These 
results suggest that most sex-biased expression is in fact stage-specific. Moreover, this 
pattern was consistent between D. pseudoobscura and D. persimilis suggesting that stage-
specific sex-biased gene expression during development is conserved in the D. 
pseudoobscura group.  
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Genes that switch their status of sex-bias from female to male bias or vice versa 
during the course of development are of particular interest. Consistent with recent reports 
in D. melanogaster and the silkworm B. mori (Zhao et al. 2011; Perry et al. 2014), we 
observed more female-to male bias switches than vice versa male to female bias switches. 
Of the genes that switched from male to female-biased, the majority of them switched 
after the L3 and pupal stages and became female-biased in adults. Our comparative 
analysis of the overlap of genes that switched from male to female-biased in both D. 
pseudoobscura and D. persimilis revealed only 5 genes in common between the two 
species including the ortholog of D. melanogaster, wispy (Table A3 Appendix I). In D. 
melanogaster, extensive experimental evidence suggests that wispy is required for 
oogenesis and proper egg development in adult females (Brent et al. 2000; Cui et al. 
2008). It is also a maternally deposited gene required for embryogenesis. Consequently, 
in D. melanogaster, this gene is highly expressed in the embryo stage and in the adult 
ovaries. Since the publically available modEncode data for D. melanogaster (modEncode 
consortium, 2010) does not include gene expression data for males at the L3 and pupal 
stages, it is not possible to say if this gene exhibits male-biased expression patterns 
during early development in this species. Examples like the wispy gene underscore the 
importance of incorporating sex-specific and sex-biased gene expression data in 
developmental transcriptome evolution analyses. Knowledge of a gene’s full expression 
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iii. Evolutionary dynamics of male-biased genes 
The evolutionary dynamics of male-biased genes have been very well studied 
(reviewed in Ellegen and Parsch, 2007). Sex-biased genes are fast evolving at the 
sequence level and it is often difficult to identify orthologous genes between divergent 
genomes. Consistent with previous studies (Meiklejohn et al. 2003), we show that male-
biased genes show faster rates of protein evolution compared to female or un-biased 
genes (Figure 1-4). More unbiased and female-biased genes have orthologous matches 
within the D. melanogaster genome compared to male-biased genes (Figure 1-4). 
Furthermore, we observed a deficit of male-biased genes on both arms of the X 
chromosome (XL and XR) compared to the autosomes (Figure 1-6).  
 
Between the males of the two species, we found the greatest divergence in 
expression and greatest number of differentially expressed genes occurring at the L3 
stage (Figure 1-7). By the L3 stage, primary spermatocytes dominate male pre-gonadal 
tissue (Bodenstein 1950). It has recently been reported that primary spermatocytes 
manufacture and store tubulin, a protein necessary for sperm tail formation (Lattao et al. 
2012).  Differences in sperm tail length have been reported between even closely related 
Drosophila species including between D. pseudoobscura and D. persimilis (Lattao et al. 
2012). While we do not completely rule out technical anomalies relating to 
developmental timing at this stage, it is possible that the observed differential expression 
between the males of the two species at the L3 stage might be driven by the development 
of species-specific sexual traits. Tubulin subunits make up microtubules (reviewed in 
Mandelkow and Mandelkow, 1995) and a GO analysis of L3 differentially expressed 
genes between males of the two species shows an enrichment of genes associated with 
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the microtubule complex (P<0.0004).  
This study allowed not only for a comparative examination of sex-biased gene 
expression dynamics throughout development between D. pseudoobscura and D. 
persimilis, but it also allowed for the opportunity to determine if patterns observed 
between the sexes are also observed between species. As expected we find that gene 
expression profiles throughout development diverged as the sexes grow towards sexual 
maturation, with the greatest divergence occurring in the adult stage. This finding was 
consistent with the steady increase in the number of sex-biased genes throughout 
development (Figure 1-1). Our results suggest that the greatest proportion of sex-biased 
gene expression occurs after the L1 stage in D. pseudoobscura and D. persimilis (Figure 
1-10). In contrast, we find that gene expression profiles were significantly more 
conserved between the species than between the sexes. Given that these species are very 
closely related, it is perhaps not surprising that expression divergence is very minimal at 
all stages of development (Figure 1-9). The stages in which we observed slight 
divergences in expression between males of the two species and females of the two 
species correspond with times in development where gametogenesis is beginning 
suggesting that species-specific sexual trait development may be causing the divergence 
in gene expression at these stages. Taken together, these results show that sex-biased 
gene expression plays a tremendous role in the evolution of the development.  
IV. CONCLUSIONS AND FUTURE DIRECTIONS 
Our results here provide further insights into interspecific and sex-biased gene 
expression evolution during development. Furthermore, they highlight the importance of 
incorporating sex-bias and sex-specific gene expression analyses into all developmental 
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transcriptome studies. This is critical as otherwise unknown expression patterns can be 
determined and the full-scale knowledge of a gene’s developmental trajectory gives a 
better context and further understanding of gene function.  Thus far, sex-biased genes 
have been examined as solitary units, but it is known that many genes working in concert 
within developmental regulatory networks generate sexually dimorphic traits. An 
important next step to further our understanding of the genetic basis of sexually 
dimorphic phenotypes includes determining how sex-biased genes interact within 
networks during development.  
V. MATERIALS & METHODS 
i. Drosophila Strains and RNA preparation 
At least three isofemale inbred lines were used for both species (D. pseudoobscura: 
MV2-25, Flagstaff 18, Mather 10, Mather 32; D. persimilis: MSH 3, Mather G, MSH 
42). The MV2- 25 (Baylor) and MSH3 lines are the genome sequence strains of D. 
pseudoobscura and D. persimilis, respectively (Clark et al. 2007; Richards et al. 2005). 
Information about the other lines can be found in Machado et al. (2002). Flies were 
reared on cornmeal/yeast medium and maintained at 20°C with a 12:12-h light/dark 
cycle. Flies for each line were collected at four different life stages: 1st instar larvae (24-
32 hours after laying eggs), 3rd instar larvae (120-128 hours after laying eggs), yellow 
pupae (8-16 hours after puparium formation) and adult (7 day old virgin flies).  The 
following protocol was used to genotype the larvae/pupae by sex: samples were directly 
transferred into a 0.2-mL PCR tube containing 14.5 µL SB buffer (100 mM Tris-Cl, pH 
8.2, 1 mM EDTA, and 25 mM NaCl) on ice and homogenized using a pestle. Eleven 
microliters from the single larvae/pupae extract were stored individually in 96-well plate 
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wells at -80°C, each containing 40 µL TRIzol reagent (Invitrogen, CA, USA). Proteinase 
K (Invitrogen, CA) was added to the remaining 3.5µ L extract to a final concentration of 
200 µg/mL, and samples were then incubated at 37°C for 30 min, followed by 95°C for 2 
min to inactivate proteinase K. After incubation with proteinase K, 1 µL of the extract 
was used for PCR using the following conditions: 95°C 1 min; 95 °C 15 s, 60 °C 30 s, 
65 °C 1 min, 40 cycles; 65 °C 5 min. Primers for 2 Y-linked D. pseudoobscura specific 
genes were used to genotype by sex: (CG12218Y-: forward, 
GCAGTCGAACCAGTGCAAT; reverse, GTGCGGGCAATGGATAAT) (CG10274Y: 
forward (F1), CTGTGGCAAGCGGTTCGTG; reverse (R2), 
CACGTCGCGGATCCTTGGGTA) (Carvalho and Clark, 2005). Ten micro-liters from 
each PCR were run on a 1.2% agarose gel in TAE buffer [0.5× Tris-acetate-EDTA 
buffer]. The same sex of each line was pooled for RNA extraction. All RNA was 
extracted using Trizol. RNA quantity and quality were separately measured on a 
NanoDrop spectrophotometer (Thermo Scientific) and a Bioanalyzer 2100 (Agilent 
Technologies). High-quality RNA samples (260/280>1.85; 260/230>1.7) from all lines of 
each species were pooled in equal amounts and further purified using the RNeasy kit 
(Qiagen). RNA from multiple lines was pooled to avoid drawing conclusions about 
interspecific differences based on data from a single isofemale line and to focus on major 
differences that are likely consistent across multiple lines.  
 
ii. Microarray design and Hybridization 
Custom 4-plex 44K oligonucleotide arrays were designed using the Agilent eArray 
platform and synthesized by Agilent Technologies (Hughes et al. 2001). The array 
	   39	  
consists of 45,220 spots including positive and negative controls, with 55-60mer 
oligonucleotides representing 18,850 unique consensus gene predictions from the D. 
pseudoobscura genome using the GLEAN prediction combiner software (Elsik et al. 
2007). The oligos were later re-annotated based on the annotation of the D. 
pseudoobscura genome (version 2.29). Oligos were designed to be identical between the 
sequenced D. pseudoobscura and D. persimilis genome lines (MV2-25 (Baylor) and 
MSH3) to eliminate or reduce possible artifacts in the estimation of gene expression 
differences between species due to inefficient cross-species hybridizations. Species-
specific probes were designed for 1,469 genes for which probes with identical sequences 
could not be found. An average of 2.17 probes per gene are included in the array. 
Fluorescent cRNA was synthesized from 200 ng of total RNA using Agilent’s low-RNA 
input fluorescent linear amplification kit following manufacturer's protocols (Agilent 
Technologies). Labeled RNAs were cleaned with RNeasy columns (Qiagen), and cRNA 
yields were quantified on a NanoDrop spectrophotometer. Two separate labeling 
reactions per sample were pooled and hybridized to the arrays following Agilent’s 
protocols. We conducted single color (Cyanine 3-CTP dye) labeling and hybridizations. 
Three different replicates were hybridized for each species and sex. Adult samples were 
scanned using the Genepix 4000B scanner, larval and pupal samples were scanned using 
the Agilent technologies scanner G2505C. Labeling reactions, hybridization and scanning 
of the data were done at the Genomics Core of the Arizona Cancer Center (The 
University of Arizona).    
iii. Microarray Statistical Analyses 
All microarray statistical analyses were conducted using R (Ihaka and Gentleman 1996) 
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and the Bioconductor package, Limma (Smyth 2004). Raw data from adult and 
larval/pupal arrays were combined and quantile normalized using the between-array 
normalization function in Limma. Probes from the combined normalized dataset were 
filtered to retain those that had significant expression above background in at least 2 of 
the replicate slides and were 20% brighter than negative controls. Probes for the same 
gene were averaged using Limma’s avereps function. Limma uses a linear model to 
assess differential expression. Data was fit to the model using a cell means design 
containing 3 factors (sex, species and developmental stage). Linear model: Y ~ N(µ, σ2) 
where Y is expression level for any given gene and µ = stage+ sex+ species.  An 
empirical Bayes analysis was applied to the data to determine species, stage and sex-
biased differential expression. Genes were considered differentially expressed between 
the sexes and between the species if they exhibited a fold difference ≥ 2 and Padj < 0.05. 
Differential P values were adjusted for multiple testing using the Benjamini and 
Hochberg method (Benjamini and Hochberg, 1995).  
 
iv. BLAST analyses  
A reciprocal blast search was performed between the D. melanogaster genome (v.5.55) 
and the D. pseudoobscura sequences corresponding to the 15,473 genes from our 
microarray dataset using tBlastx (Altschul et al 1997).  Genes were retained if they were 
the best reciprocal tblastx hits between both D. melanogaster and our D. pseudoobsura 
genes exhibiting a e-value  < 1 × 10−10.  
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v. Expression Correlation Analyses 
All 15,473 orthologous genes were used for all correlation analysis. The expression 
profiles throughout development of the orthologous genes were correlated between the 
sexes and between species using Pearson’s correlation coefficient. An arbitrary Pearson’s 
correlation coefficient threshold was defined to divide the genes according to their 
conservation of expression profiles between the sexes and between species. Positive 
correlations (r  > 0.5), low-to-no correlations (0<r<0.5) negative correlations (r <0).   
vi. Clustering Analyses 
6,967 orthologous genes that are broadly expressed across all stages and between both 
sexes and species were clustered across developmental stages using Spearman's 
correlation as a distance metric for hierarchical clustering in R. The resulting clustered 
dendrogram was bootstrapped using the pvclust package in R with 2,000 bootstrap 
replicates (Suzuki and Shimodaira 2006). All clustering relationships were significant 
above the 95% confidence level. A heatmap was generated in R to visualize the 
clustering relationships among the stages. 
vii. Gene Ontology (GO) Analyses 
All GO term enrichment analyses were conducted using the web-based program 
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CHAPTER 2 
NETWORK-LEVEL MOLECULAR EVOLUTIONARY ANALYSIS OF THE 
PHOTOTRANSDUCTION PATHWAY ACROSS 12 SPECIES OF DROSOPHILA 
 
(This chapter was submitted and provisionally accepted for publication in Genome Biology 
and Evolution in March 2012) 
 
I. ABSTRACT  
 Genes do not act in isolation, but rather within networks to coordinate most 
critical biological functions. Despite their importance, it is not well understood how 
networks of interacting genes diverge between species. This study examines the evolution 
of the phototransduction pathway across 12 Drosophila species that share a common 
ancestor 65 million years ago. The genes that comprise this network are highly conserved 
at the protein sequence level across the species. Moreover, while rates of protein 
evolution were generally low throughout the network, relatively relaxed rates of non-
synonymous substitution were observed on genes involved in chromophore biosynthesis. 
Using a comparative genomic approach, the lineage-specific duplication event of the key 
signal transducer molecule, Galpha49B was uncovered in the species belonging to the 
subgenus Drosophila (D. mojavensis, D. virilis and D. grimshawi). These results suggest 
that the Drosophila phototransduction pathway is characterized by evolutionary change at 
one level of biological organization in the face of strong functional constraint at others.  
	  
II. INTRODUCTION 
 Most critical biological processes within an organism’s life span are mediated by 
the complex interactions of many genes. Interactions in the form of gene networks are 
also ultimately responsible for generating much of the phenotypic diversity observed in 
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nature. These networks are often dynamic entities and how	  they evolve within or between 
species is not well understood, even for well-characterized gene networks. The  
Drosophila phototransduction pathway is one of the most well-studied and well-
characterized gene networks to date. As the first sensory modality to be investigated at 
the genetic level (Pak et al. 1969) the general topology of the network is well-known, as 
is the function of almost all its genes at the genetic, biochemical and physiological levels 
(Zuker 1992; Hardie et al. 2001; Wang and Montell 2007). 
  Phototransduction is the process of turning light energy hitting the eye into a 
nerve impulse and it requires approximately 35 genes encoding protein products ranging 
from structural and transport proteins to G-proteins and ion channels (Figure 2-1, Table 
2-1) (Wang and Montell 2007). A photon of light is sufficient to activate the proteins 
involved in the phototransduction process. The genes that make up this network can be 
divided into categories based on their contributions to the phenotypic goal of converting 
light energy into a nerve impulse. A number of genes in the network are involved in the 
activation and inactivation of rhodopsin molecules (arr1, arr2, rdgC, ninaE, Rh2, Rh3, 
Rh4, Rh5, Rh6, sun, ninaA) while others are involved in the biosynthesis of the 
chromophore, the molecule which is bound to rhodopsin and absorbs light  (ninaB, 
ninaD, pinta, santamaria). Other members of the network function in: regeneration of the 
PIP2, an important regulator of the ion channels (norpA, CdsA, Pis, rdgB, laza, Pld, rbo, 
stops, inaE), ion-channel specific genes (trp, trpl, CalX, inaF), genes coding for the 
subunits of the heterotrimeric G-protein (Galpha49B, GBeta76C, Ggamma30A) and key 
genes of the inaD signalling complex (ninaC, inaD, inaC).  
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Gene Function Chromosomal location in D. melanogaster 
arr1 Minor arrestin 2L 
arr2 Major arrestin 3L 




Galpha49B α subunit of G-protein 2R 
GBeta76C β subunit of G-protein 3L 
Ggamma30A γ subunit of G-protein 2L 
inaC Protein kinase C 2R 
inaD PDZ domain containing scaffolding 
protein 
2R 
inaE Lipoprotein lipase activity X 
inaF Putative regulator of TRP X 
laza Lipid phosphate phosphohydrolase 3L 
ninaA Cyclophilin 2L 
ninaB Beta-carotene-15,15'-oxygenase 3R 
ninaC Protein kinase/myosin III 2L 
ninaD Class B scavenger receptor 2L 
ninaE Major rhodopsin 3R 
norpA Phospholipase C-β (PLC- β) X 
pinta Retinoid binding 3R 
Pis Phosphoinositide Synthase X 
Pld Phospholipase D 2R 
Rbo Putative lipase in PIP2 pathway 2R 
rdgA Diacylgylcerol kinase X 
rdgB Phosphatidylinositol transfer protein X 
rdgC Rhodopsin phosphatase 3L 
Rh2 Violet absorbing Rhodopsin 3R 
Rh3 UV absorbing Rhodopsin 3R 
Rh4 UV l absorbing Rhodopsin 3L 
Rh5 Blue absorbing Rhodopsin 2L 
Rh6 Green absorbing Rhodopsin 3R 
santa maria Class B scavenger receptor 2L 
stops Deactivation of signaling 3R 
sun Tetraspanin X 
trp Major light sensitive cation channel 3R 
trpl Light sensitive cation channel 2R 
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Figure 2-1. The Drosophila phototransduction pathway 
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The Drosophila phototransduction pathway is represented here. The genes in this network have been 
grouped into functional categories and the color scheme depicted represents membership of a gene to 
a particular functional group. Light energy converts rhodopsin (Rh1-Rh6) to the active state, 
metarhodopsin. Metarhodopsin activates the heterotrimeric G-protein (G-αβγ), resulting in the 
subsequent dissociation of the G-α subunit. The G-α subunit, which is encoded by the Galpha49B 
gene, activates an effector enzyme, phosphoinositide-specific phospholipase C or PLC-β. The PLC-β 
protein (encoded by the norpA gene) cleaves PIP2 (phosphatidylinositol-4, 5-biphosphate) to produce 
two second messenger molecules, DAG (diacylglycerol) and InsP3 (inositol triphosphate).  These 
second messengers work through an as of yet undetermined mechanism leading to the opening of the 
Na+ and Ca2+ permeable channels, TRP and TRPL. Another Na+ and Ca2+ permeable channel, CalX 
colocalizes with TRP and is required to counter the influx of Ca2+  into the photoreceptor cell. The 
genes rdgB, Pis and CdsA, which are involved in the regeneration of PIP2 and the genes laza, and 
rdgA, which are involved in the regeneration of DAG, ensure the constant production of DAG and 
InsP3. A few genes in the network are involved in inactivating the phototransduction process. The 
arrestin genes arr1 and arr2 bind and inactivate rhodopsin. The rdgC gene also acts in inactivation by 
dephosphorylating rhodospin. A number of the genes including trp, ninaC and inaC are assembled 
onto INAD (encoded by the inaD gene), a scaffold protein made up of five PDZ domains. inaF 
serves as a regulator of calcium-channel activity. The genes ninaA and sunglasses (sun) are both 
involved in the transport of rhodopsin; ninaA from the endoplasmic reticulum to the cell membrane 
and sun from the cell membrane to the lysosome. The genes ninaB, ninaD, pinta and santamaria are 
involved in the conversion of dietary β-carotene to the chromophore bound to the rhodopsin molecule 
(11-cis-3-hydroxyretinal). 
	  
	   46	  
While the Drosophila phototransduction pathway has long represented a model in 
the study of G-protein mediated signaling pathways (Hardie et al. 2001), there is recently 
abundant evidence of natural variation in this network at the level of gene expression 
between the sexes and between species. Microarray analyses of whole transcriptome 
profiles of D. melanogaster and D. simulans showed evidence of sex-biased and species-
specific differential expression of genes involved in phototransduction (Ranz et al. 2003; 
Arbeitman et al. 2002; Ma et al. 2006). In addition, a detailed qPCR study that examined 
the gene expression levels of 22 genes in the phototransduction pathway in D. 
melanogaster and D. simulans found a significant difference in the expression of the key 
ion channel gene, trpl in D. simulans males when compared to D. melanogaster males 
(Landry et al. 2007). In particular, the trpl gene is on average expressed 4.7-fold higher in 
D. simulans males compared to D. melanogaster males. This divergence in expression 
between the species is of particular interest as it is thought to allow flies to see better 
under dim light conditions (Bahner et al. 2002).  
However, very little is known about protein sequence divergence of the genes that 
make up the phototransduction pathway across the Drosophila phylogeny. While a few 
studies have characterized rates of protein evolution of certain genes involved in the 
network (Carulli and Hartl 1992; Haerty et al. 2007), none have looked at the network as 
a whole across multiple Drosophila species. This study presents a comprehensive protein 
evolution analysis of all of the genes in the network across the 12 sequenced Drosophila 
species, spanning 65 million years of evolutionary time. A comparative genomic 
approach taking advantage of the complete genomes of D. melanogaster (Adams et al. 
2000) and 11 other Drosophila species (Clark et al. 2007) was undertaken to determine 
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rates of protein evolution for all genes in the network. While these analyses indicated 
generally strong constraint at the level of protein sequence, we found evidence of 
evolutionary change in the form of a lineage-specific duplication event of the key signal 
transducer molecule, Galpha49B. The duplication of this key member gene is of 
particular interest as it possibly suggests lineage-specific network topological growth.  
 
III. RESULTS 
i.  Strong Purifying Selection on all Network Proteins 
Amino acid divergence of proteins in the network relative to D. melanogaster was 
generally very low. Percent amino acid identity ranged from an average (across the 
network) of 85% in the most distant species, D. grimshawi, to 96% in the close relative, 
D. simulans. The vast majority (98%) of proteins (379/385) show >75% amino acid 
identity relative to D. melanogaster in all 11 species indicating preservation at the protein 
sequence level and suggestive of strong functional conservation (percent identities for 
each gene in Appendix 2, Table A2-1).  The selective forces acting on the network were 
determined using a codon-based model of sequence evolution (Yang 2007) to estimate 
rates of protein evolution for all 35 genes in the network across the 12 species. In 
particular, site-specific models M8 (0< dN / dS <1 and dN / dS >1) and M8a (0< dN / dS <1 
and dN / dS =1) were compared. Rates of protein evolution were estimated across all 12 
species as well as 4 phylogenetic groupings including: the subgenus Sophophora (n = 9), 
subgenus Drosophila (n = 3), the melanogaster group (n = 6) and the melanogaster 
subgroup (n = 5). For all five groupings, dN/dS was typically <<1 for all genes indicating 
strong purifying selection. Mean dN/dS values for the network ranged from 0.053 in the 
melanogaster subgroup to 0.144 for the species belonging to the subgenus Drosophila 
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(Figure 2-2; Appendix II, Table A2-5). Tests for positive selection revealed no 
statistically significant evidence of positive selection acting on any member proteins (P > 
0.05) (data not shown). 
 
Figure 2-2. Heatmap of dN/dS values of phototransduction genes across 12 
Drosophila species.  
Maximum likelihood estimates of the rate of protein evolution (dN/dS) for 
phototransduction members across Drosophila species for each phylogenetic 
grouping (Soph = Sophophora subgenus, mel subgroup= melanogaster subgroup,mel 
group = melanogaster group, Dros subgenus = Drosophila subgenus). dN/dS is 
typically << 1 indicating strong purifying selection throughout the network and 
functional conservation of most proteins. 
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ii. Weaker Purifying Selection on Chromophore Biosynthesis Proteins 
To determine if the strength of purifying selection varies among the different parts 
of the network, the 35 member genes were divided into 6 distinct functional categories 
(Figure 2-1). Mean rates of non-synonymous substitution (dN) among the 6 different 
functional groupings were then compared. Rates of dN were significantly different among 
functional categories in the subgenus Sophophora (χ2 = 11.4, df = 5, P = 0.04) and the 
melanogaster subgroup (χ2 = 11.9, df = 5, P = 0.03) by Kruskal-Wallis one-way analysis 
of variance. Pairwise Mann-Whitney U-tests revealed a significantly elevated mean rate 
of non-synonymous substitution in genes involved in chromophore biosynthesis in all 5 
phylogenetic groups (P < 0.05), however, none were significant after Bonferroni 
correction (mtests = 15, P > 0.05). Similar results were found using dN/dS. 
iii. Duplication of  G-alpha-q in subgenus Drosophila ~45–60MYA 
 Computationally based comparative analyses revealed that the annotated 
duplications of ninaC in D. simulans and D. persimilis [(dsim_GLEANR_7199, 
dsim_GLEANR_7200), (dper_GLEANR_21046, dper_GLEANR_21047)] and rdgA in the 
obscura group [(dpse_GLEANR_1145, dpse_GLEANR_1148), (dper_GLEANR_13146, 
dper_GLEANR_13149)] were the result of errors in gene prediction and ortholog 
identification (Table 3-1, Appendix). For both ninaC and rdgA, two genes were predicted 
where there is actually one; since both predicted genes exhibited sequence homology 
with the full length locus in D. melanogaster, they were annotated incorrectly as 
paralogs. The ninaC putatively annotated duplicate genes are tandemly arrayed but are 
separated by only 5 bp; moreover, the number of exons in the two genes sum together to 
make up exactly the 13 exons of ninaC in D. melanogaster (Figure 2-3).  
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A similar pattern is found at the rdgA locus (data not shown). In the case of rdgA, 
the sequence features that caused the prediction algorithm to err and split the gene are 
shared between related species, resulting in an apparent, but false, pattern of lineage-
specific gene duplication. 
  In contrast, comparative analysis of the lineage-specific duplication of 
Galpha49B, which belongs to the G-alpha-q class of G-alpha proteins, in the subgenus 
Drosophila (Figure 2-4) does not show this pattern. Specifically, duplicate pairs of 
Galpha49B in D. mojavensis, D. virilis and D. grimshawi are tandemly arrayed, but are 
separated by >6 kb and span ~11 kb of genomic space in all three species. Both genes 
have an open reading frame (ORF) of exactly 1062 base pairs that encodes a 353 amino 
acid chain similar in length to the canonical G-alpha-q in D. melanogaster, Galpha49B 
(Lee et al. 1990). We designate these genes G-alpha-q-1 and G-alpha-q-2, respectively, 
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Figure 2-3.  ninaC locus and gene 
structure 
 
In D. simulans and D. persimilis, 
annotations of the locus ninaC report two 
genes where there is really one: the 
reported ninaC duplicate genes are 
tandemly arrayed in both D. simulans and 
D. persimilis and are separated by only 5 
bp. Red (dark) boxes indicate exons and 
grey boxes depict 5’ and 3’ UTRs. The 
number of exons in the two genes sum 
together to make up exactly the 13 exons 
of ninaC in D. melanogaster in both D. 
simulans and D. persimilis. 
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species belonging to the Drosophila subgenus based on the phylogeny of Singh et al. 




Figure 2-4. Duplications mapped on to phylogeny of genus Drosophila. 
Phylogeny showing 11 Drosophila species that diverged from D.melanogaster 3-65 
million years ago modified from Singh et al. 2009. The duplication of the Galpha49B 
gene (black bar) occurred in the subgenus Drosophila (D. mojavensis, D. virilis and D. 
grimshawi,). The genes rdgA and ninac were incorrectly predicted to be products of 
lineage specific duplication events (grey bar). 
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IV. DISCUSSION 
 
Divergence in gene networks between species can occur at all levels of genomic 
architecture, including at the level of protein coding sequences, level of transcriptional 
regulation or even at the level of network topology.  As a result, the evolutionary forces 
acting on gene networks may be both diverse and complex in nature. Using a 
comparative genomic approach, this study examined how natural selection has molded 
the protein evolution of the phototransduction across 12 distinct Drosophila species that 
diverged from one another 3-65 MYA.  
Many gene network evolution studies have focused on comparing rates of protein 
evolution to network topology in both larger protein-protein interaction networks (Fraser 
et al. 2002; Lemos et al. 2004; Lemos et al. 2005; Hahn and Kern 2005) and smaller 
physiological, metabolic and/or biochemical networks in both plants (Rausher et al. 1999; 
Lu and Rausher 2003; Ramsay et al. 2009; Flowers et al. 2009; Livingstone and 
Anderson 2009) and animals (Riley et al. 2003; Flowers et al. 2007; Alvarez-Ponce et al. 
2009; Montanucci et al. 2011, Yu et al. 2011). In many of these studies, the linear 
topology of the networks has allowed for a comparison of rates of protein evolution 
relative to position in the network. Consequently, a number of these studies have reported 
evidence of a gradient of purifying selection distributed along the network with more 
relaxed selection on downstream member proteins (Rausher et al. 1999; Riley et al. 2003; 
Ramsay et al. 2009; Wu et al. 2010; Yu et al. 2011) while others have found contrary 
results suggesting downstream genes are more constrained (Alvarez-Ponce et al. 2009; 
Cui et al. 2009; Montanucci et al. 2011; Alvarez-Ponce et al. 2010, Jovelin and Phillips 
2011). The overall lack of consensus coupled with the possibility that other factors such 
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as expression level may more strongly affect rates of network evolution (Jovelin et al. 
2009) suggests patterns of purifying selection are likely to be pathway-or-network 
specific. 
Because the phototransduction pathway is comprised of two cycles and several 
pathway-like structures (Figure. 2-1), it does not possess an obvious linear gradient. 
Therefore, in this study, the genes that make up the network were organized based on 
functional categories and groups. Conservative, non-parametric tests revealed weak 
evidence for relaxed purifying selection in genes involved in the biosynthesis of the 
chromophore in some lineages. One explanation for more relaxed purifying selection on 
these genes may be that while variation in proteins responsible for chromophore 
biosynthesis does affect the visual response (Wang and Montell 2007; Wang et al. 2007) 
none of these proteins are directly involved in real-time channel activation or inactivation 
(Wang et al. 2007) and so may be under a different, weaker selective regime. A larger 
sample size (more species) will help clarify this pattern. These results here suggest that as 
a whole the phototransduction pathway genes exhibit strong conservation at the level of 
protein sequence over 65 million years of evolutionary time. However, these findings do 
not rule out the fact that divergence in these genes between species can be found at other 
levels of genomic architecture including at the level of the cis-regulatory regions. A more 
detailed analysis of the non-coding regions of these phototransduction genes is necessary 
to make this determination.  
In addition to protein sequence change, changes to the topology of a network, 
including the distribution (number and type) of genes, can occur. In particular, duplicate 
genes, well-known to be critical for evolutionary innovation (Ohno 1970; Force et al. 
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1999; Lynch and Connery 2000), are crucial to the growth of gene networks over 
evolutionary time (Teichmann and Babu 2004). In the phototransduction pathway, there 
is potential evidence of topological network growth in the form of a lineage-specific 
duplication; while 34 of 35 network member genes maintain a 1:1 orthology relationship 
across the 12 species, one gene appears to be duplicated in a lineage-specific manner, the 
signal transducer, Galpha49B.  
Are both G-alpha-q-1 and G-alpha-q-2 duplicate genes involved in 
phototransduction, or has one copy acquired a new function? The former would 
constitute authentic lineage-specific topological growth of the phototransduction 
pathway, whereas the latter would constitute evolutionary co-option of a member of the 
phototransduction pathway for another function, possibly as the activator of another 
signal transduction network. Unfortunately, comparative sequence data alone is 
insufficient to differentiate between these two alternatives. Detailed experimental work in 
D. mojavensis, D. virilis and/or D. grimshawi will be necessary to establish the precise 
functional role of G-alpha-q-1 and G-alpha-q-2 as it relates to phototransduction and the 
visual response. 
While drastic protein sequence divergence appears to have been selected against 
in the Drosophila phototransduction pathway, hallmarks of adaptive evolution at shorter 
divergence times (3-6 MYA) have been previously reported in this network at the level of 
mRNA expression. The ion channel gene trpl shows a 4-fold up-regulation in expression 
in D. simulans males when compared to D. melanogaster males (Landry et al. 2007). 
Here, this study reports evidence of potential lineage-specific topological growth of the 
network in the form of the duplication of Galpha49B in the Drosophila subgenus. 
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Detailed functional analysis on the duplicate genes in this lineage is necessary to 
determine if this is the case.  
Overall, these results suggest that the evolution of the Drosophila 
phototransduction pathway appears to be characterized by evolutionary change at one 
level of biological organization (e.g. at the level of gene expression and potentially at the 
level of network topology) despite strong constraint at other levels (e.g. primary protein 
sequence). Future comparative studies that examine levels of variation and divergence of 
different biological entities— proteins, small RNAs, regulatory motifs, etc.— in other 
known gene networks will help establish what types and amounts of genetic variation are 
possible and which are phenotypically relevant. 
V. CONCLUSIONS AND FUTURE DIRECTIONS 
 
Here, we found evidence of strong purifying selection across ~65 MY of 
evolutionary time suggesting that observed differences at the level of transcription 
between species do not correlated with changes at the level of protein sequence. An 
analysis of the cis-regulatory regions of these genes across the Drosophila phylogeny is 
necessary to provide insight into the underlying regulatory mechanisms governing the 
observed differences in gene expression.  
VI. MATERIALS &METHODS 
 
i. Comparative Genomic Analysis of Homologous Genes 
 Protein-coding nucleotide sequences for each species were obtained from the 
Drosophila 12 Genomes Consortium AAAwiki (http://rana.lbl.gov/drosophila/) based on 
predicted orthologous genes defined by fuzzy reciprocal best hits and synteny criteria 
(Clark et al. 2007). 366 of 385 expected orthologous genes (35 phototransduction genes 
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×11 species) were reported for the 11 sequenced non-melanogaster species; 3 genes were 
predicted to have paralogs in six different species: ninaC (D. simulans and D. persimilis), 
rdgA (D. pseudoobscura and D. persimilis) and Galpha49B (D. mojavensis, D. virilis, 
and D. grimshawi) (Clark et al. 2007). We recovered all 15 missing orthologous genes 
(12 genes among 6 species) computationally. Four annotated genes and 6 recovered 
genes exhibited obvious errors in annotation and/or sequence, including missing exons, 
missing or ambiguous sequences, internal stop codons, and frameshift errors (Table 2-2) 
Missing orthologous genes were identified using BLAST (Altschul et al. 1997) and 
BLAT (Kent 2002; http://genome.ucsc.edu). We used an in silico comparative genomic 
approach to identify missing exons, frame-shift mutations, internal stop codons and other 
DNA sequence and gene structure errors in non-D. melanogaster genes. Iterative local 
and global alignment of whole genes, exons, introns, and other sequence features among 
species using BLAST, BLAT, Emboss Needle (Rice et al. 2000; 
http://www.ebi.ac.uk/emboss/align/; Needleman and Wunsch 1970) and custom PERL 
scripts were used to identify and correct corrupt or missing DNA sequences and gene 
structures. D. melanogaster genome annotations obtained from FlyBase (FB2009_07 
Dmel Release 5.20) were used as a reference for establishing gene structure and syntenic 
relationships. We used a strict parsimony criterion to infer missing sequences, i.e., only 
nucleotides that were identical among all species examined were inferred. All other 
missing nucleotide sequences were coded as "N" (ambiguous).  
 Nine D. simulans genes could not be recovered by our comparative method 
because they contained long (>30% gene length) runs of ambiguous nucleotides. These 
nine genes (ninaA, ninaC, norpA, rdgA, rdgB, rdgC, Rh3, trp and trpl) were individually 
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re-assembled de novo using the original DNA sequencing reads (obtained at 
http://www.dpgp.org/syntenic_assembly/ by BLAST with the corresponding D. 
melanogaster ortholog) followed by comparative genome assembly using D. 
melanogaster as a guide (S. Salzberg, personal communication) allowing for up to 13% 
polymorphism among reads. Each re-assembled D. simulans gene was then subjected to 
in silico comparative genomic reconstruction as above. rdgA contained too many 
sequencing errors and could not be re-assembled. Full sequences of all reconstructed 
genes are in Appendix II. 
 
	   58	  
	  
Gene	   D.	  simulans	   D.	  sechellia	   D.	  ananassae	   D.	  pseudoobscura	   D.	  persimilis	   D.	  willistoni	   D.	  virilis	  
GBeta76C	   	   D	   	   	   	   	   	  
inaC	   	   C	   	   	   	   	   	  
inaD	   	   	   	   	   	   	   C,D	  
inaF	   	   	   	   	   C,D	   	   	  
ninaA	   A	   	   	   	   	   	   	  
ninaC	   A,B	   	   	   	   B,C	   	   	  
norpA	   A,B	   	   	   	   C,D	   	   	  
pinta	   	   	   	   	   C,D	   	   	  
Pld	   	   C,D	   	   	   C,D	   	   	  
rdgA	   A	   	   	   B	   B	   	   	  
rdgB	   A	   	   	   	   	   	   	  
rdgC	   A	   	   	   	   	   	   	  
Rh3	   A,B	   D	   	   	   	   	   	  
Rh5	   	   C,D	   	   	   	   	   	  
santa-­‐maria	   	   	   	   	   D	   	   	  
stops	   	   C	   	   	   D	   	   	  
sun	   	   	   C	   	   	   C	   C	  
trp	   A	   	   	   	   	   	   	  
trpl	   A,C	   	   	   	   	   	   	  
A	  -­‐	  De	  novo	  in	  silico	  reassembly	  required.	  
B	  -­‐	  Predicted	  to	  be	  duplicated	  according	  to	  AAAwiki	  (Drosophila	  12	  Genomes	  Consortium,	  2007).	  
C	  -­‐	  No	  predicted	  ortholog,	  manual	  reconstruction	  required.	  
D	  -­‐	  Missing	  exons,	  frameshifts,	  or	  internal	  stop	  codons.	  
	  
	  
Table	  2-­‐2:	  Phototransduction	  genes	  with	  annotation	  
errors	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iii. Protein Evolution 
Protein coding sequences were globally aligned using CLUSTALW v2.02 (Larkin 
2007) using the amino acid translation of each sequence followed by back-translation into 
nucleotides. Maximum likelihood estimates of the rate of nonsynonymous substitution 
(dN) and synonymous substitution (dS) between alignments were calculated using a 
codon-based model of sequence evolution (Goldman and Yang 1994; Yang 2007). 
Likelihood ratio tests for positive selection were performed on all genes in the 
phototransduction pathway by comparing twice the difference in log-likelihood between 
model M8a and model M8 in PAML v4.2 (Yang 2007; Swanson et al. 2003). Positive 
selection was inferred if both 2(ln L1 - ln L2) ≥ 6.63 (P < 0.01, ~χ21) and dN/dS was 
greater than 1 in at least one of the site classes. 
 
iv. Functional Grouping and Statistics 
Genes were grouped based on the categories described in Wang and Montell 
(2007). The functional classes include: biosynthesis of the chromophore (ninaB, ninaD, 
pinta, santamaria), rhodopsin cycle (arr1, arr2, rdgC, ninaE, Rh2, Rh3, Rh4, Rh5, Rh6, 
sun, ninaA), genes in the PIP2 regeneration pathway (norpA, CdsA, Pis, rdgB, laza, Pld, 
rbo, stops, inaE), ion-channel specific genes (trp, trpl, CalX, inaF), genes coding for the 
subunits of the heterotrimeric G-protein (Galpha49B, GBeta76C, Ggamma30A) and key 
genes of the inaD signalling complex (ninaC, inaD, inaC). Mean differences in dN and 
dN/dS in each group were calculated across all 12 species as well as for four non-mutually 
exclusive phylogenetic groupings: Sophophora (D. melanogaster, D. sechellia, D. 
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simulans, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. persimilis, D. 
willistoni), the melanogaster subgroup (D. melanogaster, D. sechellia, D. simulans, D. 
yakuba, D. erecta), the melanogaster group (D. melanogaster, D. sechellia, D. simulans, 
D. yakuba, D. erecta, D. ananassae) and members of the subgenus Drosophila (D. 
mojavensis, D. virilis, D. grimshawi). Significant differences in dN and dN/dS among 
groups were determined using Kruskal-Wallis one way analysis of variance and Mann-
Whitney U-tests on pairwise comparisons of groups followed by Bonferroni correction. 
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CHAPTER 3 
ISOFORM-SPECIFIC DUPLICATION OF AN ALTERNATIVELY SPLICED 




  Alternative splicing and gene duplication are both mechanisms that contribute to 
protein diversity. Alternative splicing is a regulated process that results in the generation 
of multiple mRNA transcripts from a single locus. Rates of alternative splicing differ 
between species and are thought to not only play a role in transcriptome and proteome 
complexity but in phenotypic diversity as well (Brett et al. 2001; Calarco et al. 2007; 
Barbosa-Marois et al. 2012). For example, a recent study showed evidence that almost 
every gene in the human genome with more than one exon is alternatively spliced, while 
in D. melanogaster about 60% of genes are alternatively spliced (Wang et al. 2008; 
Graveley et al. 2011). There are a number of different types of alternative splicing that 
determine the resulting mRNA transcript structure (Figure 3-1). 
 
Figure 3-1: Types of Alternative 
Splicing  
(Keren et al. 2010) 
Constitutive exons are shown in 
blue and alternatively spliced 
regions in purple. Introns are 
represented by solid lines, and 
dashed lines indicate splicing 
options. 
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Of particular interest is the strategy that leads to a transcript with mutually 
exclusive exons (Figure 3-1E). In this case, the gene is composed of clusters of internal 
exons that are spliced in a mutually exclusive manner. Interestingly, it has been shown 
that these clusters of internal exons are typically of the same length and have high 
sequence similarity, thus in contrast to some of the other types of alternative splicing, 
mutually exclusive splicing does not alter the size and length of the resulting ORF (Wang 
et al. 2008; Pohl et al. 2013; Hatje and Kollmar 2013). It is possible to imagine clusters of 
internal exons with different tissue or developmental-stage specific expression allowing a 
single locus to generate transcripts with diverse spatial-temporal expression patterns 
without altering transcript size or ORF. While alternative splicing via mutually exclusive 
splicing is much less common than the other types (Pohl et al. 2013), the evolutionary 
advantages for maintaining this strategy are clear.  
In contrast to the process of alternative splicing, gene duplications typically arise 
either as a result of an error during DNA replication/repair or are generated by 
retrotransposition events. Nonetheless, they are thought to be crucial to the evolution of 
novel traits within organisms (Ohno 1970; Walsh 1995; Lynch and Connery, 2000). The 
widespread existence of gene families across phylogenetically diverse taxa suggests that 
the retention of gene duplicates is a frequent occurrence (Ohta 2000; Elemento et al. 
2002; Cannon et al. 2004; Shoja and Zhang 2006; Hahn et al. 2007; Hanada et al. 2008; 
Fan et al. 2008; Jacquemin et al. 2013). Once they are fixed, duplicate genes are subject 
to distinct evolutionary fates.  In the first possibility, one of the genes maintains the 
original function while the other accumulates random, often deleterious mutations 
rendering the gene nonfunctional. Alternatively, one of the duplicates acquires a new 
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function as a result of beneficial mutations or neo-functionalization. The third possible 
fate is that both genes accumulate degenerative mutations resulting in the ancestral gene 
function being subdivided among the duplicate pairs, a process known as sub-
functionalization (Force et al. 1999).  
The evolutionary model of duplication-degeneration-complementation (DDC) 
suggests that many duplicate genes are maintained through sub-functionalization as a 
result of degenerative mutations that occur specifically within regulatory elements 
resulting in subdivision of the ancestral gene expression (Force et al. 1999). However, 
other complex patterns of sub-functionalization involving changes to coding gene 
structure have been reported. For example, a single ancestral gene that is alternatively 
spliced can give rise to duplicate descendent copies that contain the exon complement of 
mutually exclusive splice variants. Aside from one example between plants (Rohmann et 
al. 2009) and another between yeast species (Marshall et al. 2013), thus far this 
phenomenon, which I have termed “isoform duplication”, has mainly been reported 
between very distantly related species (for example human-fish which diverged from 
each other > 400 MYA) (Lister et al. 2001; Altschmied et al. 2002; Yu et al. 2003).  
Here, I present evidence of an isoform duplication event that occurred ~45-65MYA 
between Drosophila species.  
 
In D. melanogaster, sensory signal transduction pathways such as the 
phototransduction pathway are mediated via the interaction between G-protein coupled 
receptors (GPCRs) and downstream heterotrimeric G-proteins. These heterotrimeric G-
proteins are made up of a GDP-bound alpha subunit and a heterodimer composed of beta 
and gamma subunits (Gilman 1987; Sprang 1997). Sensory signals are transmitted from 
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the GPCR resulting in activation of the alpha subunit of the intracellular heterotrimeric 
G-protein. In the Drosophila phototransduction pathway, a photon of light is sufficient to 
activate the GPCR, rhodopsin, which in turn activates the alpha subunit of the 
heterotrimeric G protein. Thus, the G-alpha subunit acts a critical intermediary ensuring 
the signal is transmitted downstream through the pathway (Lee et al. 1994; Scott et al. 
1995; Hardie 2001). 
There are six annotated and experimentally validated genes that encode G-alpha 
subunits in the D. melanogaster genome. These genes have been categorized into classes 
depending on their molecular function (Table 3-1). The G-alpha subunit protein that 
belongs to the class q (G-alpha-q) is the only one that has been shown to function in the 
phototransduction pathway.  As an integral part of the phototransduction pathway, it is 
among the most well-characterized and well-studied of the G-alpha subunits.    
Table 3-1: Annotated and experimentally validated G-alpha subunits in the D. 
melanogaster genome.   







Molecular Function/Biological Process 
G-alpha-q Galpha49B Phototransduction, olfaction 
G-alpha-o Galpha47A Neuro-synaptic growth, ventral cord 
development 
G-alpha-s Galpha60A Wing disc development, neuromuscular 
development 
G-alpha-i Galpha65A Establishment of glial blood brain barrier 
G-alpha-f Galpha73B Regulation of hemocyte proliferation 
Concertina cta Gastrulation, regulation of embryonic cell 
shape 
 
In D. melanogaster, the G-alpha-q gene, annotated as Galpha49B, is located on 
the right arm of the 2nd chromosome. Expression of this gene has been localized to a 
number of different sensory tissues including but not limited to the brain, photoreceptors 
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and olfactory and gustatory neurons (Talluri et al. 1995; Alvarez et al. 1996; Kalidas et 
al. 2002). This gene is alternatively spliced via mutually exclusive exons that are 
expressed in a tissue-specific manner (Figure 3-2A). It has two main isoforms; one that 
has been shown to be expressed in a multitude of sensory biology organs and tissues and 
has been implicated in chemosensory, olfaction and gustatory pathways, while the other 
has been shown to be exclusively expressed in photorecetors and is involved only in 
phototransduction (Lee et al. 1990; Lee et al. 1994; Talluri et al. 1995; Alvarez et al. 
1996; Ratnaparkhi et al. 2002; Kain et al. 2008).  
The single alternatively spliced gene, Galpha49B in D. melanogaster gave rise to 
duplicate copies that contain the exon complement of mutually exclusive splice variants 
in the species belonging to the subgenus Drosophila (D. mojavensis, D. virilis and D. 
grimshawi). Here I examine the evolution of the gene structure and expression of these 
novel lineage-specific duplicate genes.  
 
II. RESULTS 
1 – G-alpha-q gene structure in the Drosophila subgenus and outgroup species 
 
Comparative genomic analysis of the G-alpha-q locus across 12 species of 
Drosophila revealed a novel isoform-specific duplication event in the subgenus 
Drosophila that occurred ~45-65MYA (Figure 3-3). In D. mojavensis, D. virilis and D. 
grimshawi each duplicate appears to retain the exon complement of only one of the splice 
variants (Figure 3-2B). More specifically, each duplicate in D. mojavensis, D. virilis and 
D. grimshawi consists of the five constitutively expressed exons along with its own 
complement of mutually  
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Figure 3-2.  Gene exon-intron structure of G-alpha-q in D. melanogaster and the 
species of the Drosophila subgenus  
 
G-alpha-q is a single-copy gene that is alternatively spliced with phototransduction and 
non-phototransduction isoforms in Drosophila melanogaster. The gene consists of five 
constitutively expressed exons (colored in grey) and two sets of mutually exclusive exons 
(colored in red and yellow). Isoform I (red exons denoted X,Y and Z) has been shown to 
be involved in a number of different sensory signal transduction pathways including taste 
and smell. While isoform II (yellow exons denoted A, B and C) is the rhodopsin-binding 
isoform that is expressed at high levels in the eye and is involved in phototransduction. 
This same gene is present as two duplicate copies in the subgenus Drosophila. Each 
duplicate copy retains the exon complement of only one of the splice-variants (isoform 
duplication).  
A B CX Y Z 
G-­‐alpha-­‐q-­‐1	   G-­‐alpha-­‐q-­‐2	  
Isoform	  II	  
D.	  mojavensis,	  D.	  virilis	  and	  D.	  grimshawi	  
	  
B	  
X Y Z A B C
A B C
X Y Z 
A	   Isoform	  I	  




Figure 3-3. Lineage-specific isoform duplication of the G-alpha-q gene.  
The duplication of the G-alpha-q gene (indicated in red) occurs in the Drosophila subgenus (D. mojavensis,  
D. virilis and D. grimshawi) and is estimated to have occurred ~ 45-65 MYA. The gene is alternatively spliced  
in all other Drosophila lineages as well as in the outgroup species, Anopheles gambiae and Bombyx mori. 
 
 
The duplicate pairs are tandemly arrayed but are separated by ~6kb intergenic 
space and span ~11kb of genomic space in all three species. Both genes have an ORF 
length of exactly 1062 base pairs, which encodes a 353 amino acid chain similar in length 
to the D. melanogaster Galpha49B gene (Lee et al. 1990). In addition, synteny is 
conserved at this locus between D. melanogaster and these species; the genes are flanked 
on the 5’ end by the Amph gene and by the muskelin gene on the 3’ end. A multiple 
sequence alignment of the translated sequences of the D. melanogaster alternatively 
spliced isoforms and the duplicate genes from the three species shows generally high 
sequence similarity suggesting overall conservation of motifs and domains (Figure 3-4). 
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Structural studies on the G-alpha-q protein have shown that the last 3 amino acids are 
crucial for determining receptor specificity (Conklin et al. 1993). The rhodopsin binding 
isoform in D. melanogaster and its corresponding duplicate gene in D. mojavensis, D. 
virilis and D. grimshawi have an NLG motif and likewise the non-phototransduction 
isoform and its duplicate complement have an NLV motif (Figure 3-4). Taken together, 
these results illustrate that duplicate genes in D. mojavensis, D. virilis and D. grimshawi 
share structural features with their complementary splice variants in D. melanogaster.  
 
To determine if the gene is alternatively spliced or duplicated in other insect 
species, I examined the annotated structure of the orthologous locus in mosquito, 
Anopheles gambiae and silkworm, Bombyx mori.  These species were chosen because: 1) 
functional studies on G-alpha-q have been conducted in both and 2) they diverged from 
Drosophilids ~250 MYA and ~300 MYA respectively allowing for the determination of 
whether the ancestral gene was alternatively spliced or duplicated ~ 300 MYA. (Sakurai 
et al. 2004; Miura et al. 2005; Hull et al. 2010; Weinstock et al. 2006). The G-alpha-q 
gene in these species is also alternatively spliced via mutually exclusive splicing 
suggesting that the isoform duplication of G-alpha-q is lineage-specific (Figure 3-3).  




Dvir1            1 MECCLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dgri1            1 MECCLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dmoj1            1 MECCLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dmel_NonPhoto    1 MECCLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dmoj2            1 MECCLSEEAKEQKRINQEIEKQLRRDKKDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dgri2            1 MECLLSEEAKEQKRINQEIEKQLRRDKKDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dvir2            1 MECLLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
Dmel_Photo       1 MECCLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFIKQMRIIHGSG 
 
 
Dvir1           61 YSDDDKRGYIKLVFQNIFMAMQSMIKAMDMLKISYGVGEHNALADLVMSIDYETVTTFED 
Dgri1           61 YSDDDKRGYIKLVFQNIFMAMQSMIKAMDMLKISYGVGEHNGLADLVMSIDYETVTTFDD 
Dmoj1           61 YSDEDKRGYIKLVFQNIFMAMQSMIKAMDMLKISYGVGEHNALADLVMSIDYETVTTFED 
Dmel_NonPhoto   61 YSDEDKRGYIKLVFQNIFMAMQSMIKAMDMLKISYGQGEHSELADLVMSIDYETVTTFED 
Dmoj2           61 YSDDDKRGYIKLVFQNIFMAMQSMIKAMDLLKIEYGAPEIRECGELVMSIDYESVTRLED 
Dgri2           61 YSDDDKRGYIKLVFQNIFMAMQSMIKAMDMLKIEYGGPEIQEYGELVMSIDYESVTRLED 
Dvir2           61 YSDDDKRGYIKLVYQNIFMAMQSMIKAMDMLKIEYGGAEIREYAELVMSIDYESVTRFED 
Dmel_Photo      61 YSDEDKRGYIKLVFQNIFMAMQSMIKAMDMLKISYGQGEHSELADLVMSIDYETVTTFED 
  
      EXON X/A 
Dvir1          121 PYLNAIKTLWSDVGIQECYDRRREYQLTDSAKYYLMDLDRVAQPDYLPTEQDILRVRVPT 
Dgri1          121 PYLNAIKTLWSDAGIQECYDRRREYQLTDSAKYYLMDLDRVAQPDYLPTEQDILRVRVPT 
Dmoj1          121 PYLNAIKTLWSDAGIQECYDRRREYQLTDSAKYYLMDLDRVAQPDYLPTEQDILRVRVPT 
Dmel_NonPhoto  121 PYLNAIKTLWDDAGIQECYDRRREYQLTDSAKYYLKDLDRVAQPAYLPTEQDILRVRVPT 
Dmoj2          121 PFLKALHSLWDDAGIQECYDRRREYQLTDSAKYYLSDLARIEQEDYLPTEQDILRARVPT 
Dgri2          121 PYLNGIKGLWADTGIQECYDRRREYQLTDSAKYYLSDLARIELEDYLPTEQDILRARVPT 
Dvir2          121 PYLNGIKCLWADAGIQECYDRRREYQLTDSAKYYLSDLERIEQADYLPTEQDILRARVPT 
Dmel_Photo     121 PYLNAIKTLWDDAGIQECYDRRREYQLTDSAKYYLSDLARIEQADYLPTEQDILRARVPT 
 
 
Dvir1          181 TGIIEYPFDLEEIRFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
Dgri1          181 TGIIEYPFDLEEIRFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
Dmoj1          181 TGIIEYPFDLEEIRFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
Dmel_NonPhoto  181 TGIIEYPFDLEEIRFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
Dmoj2          181 TGILEYPFDLDGIVFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
Dgri2          181 TGILEYPFDLDGIVFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQCLMESD-EN 
Dvir2          181 TGILEYPFDLDGIVFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
Dmel_Photo     181 TGILEYPFDLDGIVFRMVDVGGQRSERRKWIHCFENVTSIIFLVALSEYDQILFESDNEN 
 
             
                                                                EXON Y/B  
Dvir1          241 RMEESKALFRTIITYPWFQNSSVILFLNKKDLLEEKIMYSHLVDYFPEYDGPQRDAIAAR 
Dgri1          241 RMEESKALFRTIITYPWFQNSSVILFLNKKDLLEEKIMYSHLVDYFPEYDGPQRDAIAAR 
Dmoj1          241 RMEESKALFRTIITYPWFQNSSVILFLNKKDLLEEKIMYSHLVDYFPEYDGPQRDAIAAR 
Dmel_NonPhoto  241 RMEESKALFRTIITYPWFQNSSVILFLNKKDLLEEKIMYSHLVDYFPEYDGPQRDAITAR 
Dmoj2          241 RMEESKALFRTIITYPWFQNSSIILFMNKKDLFEEKIMYSHMGDYFTEYDGPKQDHAAAK 
Dgri2          240 RMEESKALFKTIITYPWFQNSSIILFMNKKDLFEEKIMYSHMGDYFPEFDGPKQDHATAK 
Dvir2          241 RMEESKALFCTIITYPWFQNSSIILFLNKKDLLEEKIMISHMVDYFPEFDGPKQDHAAAK 




                     EXON C/Z            
Dvir1          301 EFILRMFVDLNPDSEKIIYSHFTCATDTENIRFVFAAVKDTILQSNLKEYNLV 
Dgri1          301 EFILRMFVDLNPDSEKIIYSHFTCATDTENIRFVFAAVKDTILQSNLKEYNLV 
Dmoj1          301 EFILRMFVDLNPDSEKIIYSHFTCATDTENIRFVFAAVKDTILQSNLKEYNLV 
Dmel_NonPhoto  301 EFILRMFVDLNPDSEKIIYSHFTCATDTENIRFVFAAVKDTILQSNLKEYNLV 
Dmoj2          301 QFVLKKYLACNPDPERQCYSHFTTATDTENIKLVFCAVKDTIMQNALKEFNLG 
Dgri2          300 QFVLKKYLACNPDPERQCYSHFTTATDTENIKLVFCAVKDTIMQNALKEFNLG 
Dvir2          301 QFVLKKYLACNPDPERQCYSHFTTATDTENIKLVFCAVKDTIMQNALKEFNLG 




Figure 3-4.  Sequence 




Shading in black 
indicates regions of 
identical sequence. 
Shading in grey 
indicates an amino 
acid change to one 
that has similar 
biochemical 
properties. Shading 
in white indicates a 
change to an amino 
acid that doesn’t 
share biochemical 
properties. Regions 
of the protein that 
encode the mutually 
exclusive exons are 
marked on the 
alignment.  
Very high sequence 
identity is observed 
generally throughout 
the protein. The 
motif at the C-
terminus end of the 
protein has been 
shown to determine 
receptor binding. 
Each isoform and its 
complementary 
duplicate share the 
same amino acid at 
this residue.  
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ii. G-alpha-q duplicate genes are transcriptionally active in the Drosophila subgenus  
 
One way to explore the consequences and causes behind the duplication is to 
examine mRNA transcript abundance of the duplicates in different tissues to determine if 
their expression patterns correspond with those observed in the alternatively spliced gene. 
I designed cross-species (D. mojavensis and D. virilis) duplicate specific primers and 
splice variant specific primers (D. melanogaster) in order to make accurate and 
quantitative comparisons between the different species and tissues. I quantified absolute 
mRNA transcript abundance of each duplicate gene and D. melanogaster splice variant 
using qPCR. As D. grimshawi, a Hawaiian Drosophila, is extremely difficult to rear in 
the lab, all qPCR analyses of the duplicate genes were conducted on D. mojavensis and 
D. virilis males and females. First, to determine if the duplicate genes are both 
transcriptionally active, I quantified absolute mRNA transcript abundance from heads 
and bodies of D. mojavensis and D. virilis males and females. I was able to detect 
expression of both duplicate genes in the heads and bodies of both species suggesting 












Figure 3-5 Absolute transcript abundance of G-alpha-q alternatively spliced 
variants in D. melanogaster and the duplicates in D. mojavensis and D. virilis 
The following bargraphs (A-D) compare the absolute transcript abundances (quantified 
via qPCR) of the G-alpha-q phototransduction specific and non-phototransduction splice 
variants (D. melanogaster) and duplicates (G-alpha-q-1 and G-alpha-q-2 in D. 
mojavensis and D. virilis). Absolute transcript abundance was quantified separately from 
heads and bodies of males and females for all 3 species. Bars represent means calculated 
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To determine if expression patterns of the duplicate genes were consistent with 
expression patterns of the alternatively spliced variants in D. melanogaster, I compared 
absolute mRNA transcript abundance from heads and bodies of D. melanogaster, D. 
mojavensis and D. virilis. I found expression of the phototransduction-specific duplicate 
in D. mojavensis and D. virilis was largely consistent with the expression pattern of its 
complementary alternatively spliced variant (Figure 3-5 B,D). Of the two duplicate 
genes, G-alpha-q-2 was expressed significantly higher in the heads compared to the 
bodies of D. mojavensis and D. virilis males and females (P = 0.01; Welch’s two-sample 
t-test) (Figure 3-5 B, D) suggesting that it likely maintains the role of phototransduction  
pathway activator in these species.  As the non-phototransduction variant in D. 
melanogaster has been shown to be involved in a number of sensory biology pathways, I 
expected to see high expression of this isoform in both heads and bodies. Expression of 
the non-phototransduction isoform in males and females of D. melanogaster was not 
significantly different between both the head and body (P = 0.10; Welch’s two-sample t-
test) (Figure 3-5 A, C). Compared to the transcript abundance observed in D. 
melanogaster however, there was significantly lower expression of the non-
phototransduction duplicate gene in both the heads and bodies of D. mojavensis and D. 
virilis males and females (P = 0.0001; Welch’s two sample t-test) (Figure 3-5 A,C). The 
significantly reduced expression of this duplicate gene compared to its complementary 
splice-variant suggests a possible divergence in expression patterns. Since I only assayed 
expression from heads and bodies of adult males and females, it is possible that this 
duplicate copy is expressed at earlier stages of development or in a very specific tissue. 
Fine-scale developmental and tissue-specific transcriptional profiling is necessary to 
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determine more precise expression profiles for the non-phototransduction duplicate gene 
in D. mojavensis and D. virilis. 
iii. Sex-biased gene expression of the G-alpha-q gene in Drosophilids 
Transcriptional profiling of the duplicate genes also revealed two interesting 
patterns of sex-bias. Firstly, females of both D. mojavensis and D. virilis express the 
phototransduction-specific duplicate at two-fold higher levels than males whereas the 
reverse is true between D. melanogaster males and females (P = 0.009; Welch’s two-
sample t-test) (Figure 3-5B,D). Genes exhibiting reversals of sex-bias have been 
previously reported and their proportion seems to increase as the evolutionary distance 
between species increases (Metta et al. 2006; Grath et al. 2009). These types of genes are 
very interesting as they suggest switches in the direction of sexually antagonistic 
selection during species divergence (Ellegren and Parsch, 2007). Secondly, I observed 
significantly higher expression of the non-phototransduction duplicate gene in the heads 
of D. mojavensis females than in both D. mojavensis males (P =0.008; Welch’s two-
sample t-test) and D. virilis females (P=0.02;Welch’s two-sample t-test) suggesting the 
divergence in expression is likely an example of species-specific female-biased gene 
expression (Figure 3-5 C). In contrast to D. virilis, which is a generalist species, both D. 
mojavensis males and females feed exclusively on rotting cactus in the deserts of North 
America (Markow and O’Grady, 2007). D. mojavensis females also oviposit on this 
substrate (Newby and Etges, 1998). Although more detailed experimental work is 
necessary to make this determination, I hypothesize the higher expression of the non-
phototransduction duplicate in D. mojavensis females may be due to increased expression 
of this gene in chemosensory (olfactory or gustatory neurons) organs for reasons related 
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to oviposition. Evidence to support this hypothesis includes a report that G-alpha-q may 
interact with the GPCR taste receptor, tre in D. melanogaster (Isono et al. 2002, Kain et 
al. 2008). It has been shown that in D. melanogaster, taste perception is strongly sexually 
dimorphic and plays a role not only in pheromone perception but also in oviposition 
(Clyne et al. 2000; Bray and Amrein, 2003; Joseph et al. 2009; Swarup et al. 2014). In 
sum, I show evidence of substantial sex-bias gene expression of both duplicate genes. 
These results further illustrate the importance of taking sex-biased and sex-specific gene 
expression into account in any study that examines any sort of species divergence.  
III. DISCUSSION 
 
Alternative splicing and gene duplication, as the major sources of protein 
diversity, both contribute to the complexity of genomes. While it is generally thought that 
these two processes are independent of one another, here I show evidence of a single 
alternatively spliced ancestral gene that gave rise to duplicate copies that contain the exon 
complement of mutually exclusive splice variants. The G-alpha-q subunit of the G-
protein in D. melanogaster is alternatively spliced in a tissue specific manner. One splice 
variant is expressed in the photoreceptors and another is expressed in a number of 
chemosensory organs (Lee et al. 1990; Talluri et al. 1995; Alvarez et al. 1996). In striking 
contrast, in the species belonging to the Drosophila subgenus, the orthologous G-alpha-q 
gene underwent a complex lineage-specific isoform duplication event ~ 50-60 MYA.  
 
According to theory, duplicate genes generated via isoform duplication events are 
likely maintained as a result of sub-functionalization – where each duplicate accumulated 
degenerative mutations such that combined they perform the ancestral function. An 
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extension to this theory has been proposed suggesting that after prolonged sub-
functionalization, a gene may change its interacting partners or expression patterns and 
undergo neo-functionalization – a process called sub-neofunctionalization (He and Zhang 
2005). These isoform duplication events afford the new genes the opportunity to free up 
constraint and disengage from alternative splicing to optimize their function in a new 
tissue or to alter their expression patterns.  
Thus, two possible evolutionary fates exist for duplicate genes that arise from 
isoform duplication events, sub-functionalization and sub-neofunctionalization. I 
explored this hypothesis by comparing the expression patterns of the alternatively spliced 
isoforms in D. melanogaster with the isoform duplicates in D. mojavensis, In the case of 
the G-alpha-q duplicates, if the locus has undergone subfunctionalization, we expect that 
the mRNA transcript abundance of the duplicates should conform to the pattern of the 
alternatively spliced gene.  
Here, while I showed evidence that expression of the phototransduction specific 
duplicate was by and large analogous to its corresponding alternatively spliced variant in 
D. melanogaster, there was significant difference in expression between the non-
phototransduction specific duplicates and their corresponding splice variant in D. 
mojavensis and D. virilis males and females. As the non-phototransduction splice variant 
in D. melanogaster is expressed in multiple tissues, we might expect that its 
corresponding duplicate would be subject to sub-neofunctionalization and would exhibit 
a novel expression pattern. Indeed, I found that the non-phototransduction duplicate is 
only expressed at moderately high levels in the heads of D. mojavensis females and not in 
D. mojavensis males or D. virilis. Moreover, the phototransduction specific duplicate in 
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both D. mojavensis and D. virilis also revealed a female-biased expression pattern. This 
pattern of female-biased gene expression, which appears to be a switch from D. 
melanogaster’s male-biased expression, is another example of sub-neofunctionalization. 
Together, these results indicate that gene duplication followed by sub-
neofunctionalization can provide an evolutionary substitute to alternative splicing as a 
way to produce unique tissue-specific protein products, even in closely related species.  
	  
IV. CONCLUSIONS AND FUTURE DIRECTIONS 
 
Functional work:  
The functional consequences of the duplicate genes in D. mojavensis and D. virilis 
remain to be investigated. New genome editing technologies like the CRISPR-Cas9 
system (Gratz et al. 2013)  might make it possible to determine the functional 
consequences of the isoform duplication event in these non-model Drosophila species. 
Potential experiments include knocking out the non-phototransduction duplicate in D. 
mojavensis and D. virilis to determine phenotypic consequences. In addition, the non-
phototransduction duplicate can be inserted into D. melanogaster to determine if it can 
function in the role of phototransduction pathway activator.  
Genomics/Bioinformatics:  
This isoform duplication event is novel and appears to be rare. Thus far, only a 
few examples of so-called isoform duplications have been shown in highly diverged 
species and an analysis examining how widespread this pattern of gene structure 
evolution among diverse phyla has not been carried out. It might be that as the 
phylogenetic distance between species increases, the percentage of isoform duplication 
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events also increases. Comparative genomic analyses on phylogenetically distinct taxa 
with reliable gene structure information and expression data are needed to determine the 
breadth and frequency with which these sorts of duplication events occur. 
V.  MATERIALS & METHODS 
 
i. Fly species and tissue preparation 
D. mojavensis (CI 12 IB-4 g8) and D. virilis (15010-1051.87) were obtained from 
University of California San Diego Drosophila Stock Center (San Diego, CA; 
http://stockcenter.ucsd.edu). All species were reared in wide fly vials (Genesee Scientific, 
San Diego, CA) at 25°C in a controlled 12h:12h light:dark environment with UVA/UVB 
bulbs (Zoo Med Laboratories, San Luis Obispo, CA) for several generations until 80–100 
flies were available for RNA extraction. D. virilis was reared on standard cornmeal media 
and D. mojavensis was reared on banana-based media containing Opuntia cactus powder 
(UC San Diego Drosophila Stock Center). Adult (2-5 day old) male and female flies were 
used for all experiments. 100 males and 100 females of D. mojavensis and D. virilis were 
transferred to transparent 15ml tubes (BD Biosciences, Carlsbad, CA), 10–15 flies per 
tube, midway (6h) through the day light cycle. Tubes were returned to the light chamber 
for 1h for CO2 anesthesia recovery and then flash-frozen in situ by rapid submersion in 
liquid nitrogen. All fly handling was done using CO2. 
 
ii. mRNA Expression Quantification 
Absolute quantification of mRNA transcript abundance was determined for duplicate 
genes of Galpha49B using real-time quantitative PCR (rt-qPCR) using duplicate-specific 
primers to G-alpha-q-1 and G-alpha-q-2 in two species, dmoj_GLEANR_5329 and 
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dmoj_GLEANR_5330 in D. mojavensis and dvir_GLEANR_7621 and  
dvir_GLEANR_7622 in D. virilis. Primers: G-alpha-q-1: Forward: 
CGTGTGCCGACAACGGGGA Reverse:	  GCGCAGTATGAATTCACGGG. G-alpha-q-
2:Forward: CAGGATATTCTGCGTGCTCGTGT  
Reverse: CGTGGTTCCAAAACTCATCGAT). Primers specific to the D. melanogaster 
isoforms were also designed. Primers: Dmel_NonPhotoTrans: Forward: 
GCAATAACGGCCCGAGAGTTTA. Reverse: GGTTCGATTGCAGAATTGTGTCC. 
Primers for Dmel_isoform_PhotoTrans : Forward: CAAAACAGGATCACGCTGCG 
Reverse: GTATCTTTGACAGCGCAG. Total RNA extractions of both head and body (n 
= 50) were performed using the SV Total RNA Isolation system (Promega, Madison, WI) 
following the procedure of Landry, Wittkopp et al. (2005). Two RNA extractions were 
performed per sample. 500ng total RNA per extraction from each of 2 reverse 
transcription cDNA syntheses (Qiagen Quantitect Reverse Transcription Kit, Valencia, 
CA) using both poly(dT) and random hexamers, for a total of four reverse transcription 
reactions per experiment. cDNA products from the 4 reactions were pooled and diluted 
1:10. 5 µl of the 1:10 dilution of cDNA was used for each rt-qPCR reaction. DNA 
template controls of known concentration were created in order to quantify absolute 
transcript abundance as follows: PCR products for each duplicate gene were individually 
cloned into plasmids and transformed into E. coli using the Topo-TA Cloning kit 
(Invitrogen, Carlsbad, CA). Next, DNA concentration of linearized plasmid in ng/µl was 
determined in quadruplicate using a low-volume spectrophotometer (NanoDrop, 
Wilmington, DE). The absolute number of plasmid copies per µl was then determined by 
calculating the mass of each plasmid + amplicon for each gene, using the formula: 
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amplicon mass = total number of base pairs × nucleotide mass (660 g/mol of 
nucleotides). Dilutions (1:10) of linearized amplicon-incorporated plasmids were then 
used to construct standards for each gene. The mean range of standards across genes was 
1000–1 billion molecules per µl. Sample transcript abundances were calculated by  
interpolation of standard values. Both sample and control cDNA for each gene was 
analyzed in 96-well plate format on the Roche Lightcycler 480 instrument (Indianapolis, 
IN). cDNA for all treatments was stored at 80°C. 
iii. Bioinformatics Analyses  
G-alpha-q CDS in D. melanogaster (annotated Galpha49B) was obtained from 
Flybase (www.flybase.org) and used to BLAST against the D. mojavensis, D. virilis, D. 
grimshawi genomes to determine putative G-alpha-q orthologs.  Initial BLAST search 
suggested more than one G-alpha-q ortholog in D. mojavensis, D. virilis and D. 
grimshawi. A reciprocal BLAST search of this gene was conducted for each genome 
against itself to rule out false positives. CDS for duplicate genes in D. mojavensis, D. 
virilis and D. grimshawi were translated and aligned using Clustalw (Larkin et al. 2007).  
G-alpha-q gene structures for Anopheles gambiae and Bombyx mori were obtained from 
VectorBase and Silkworm respectively (Megy et al. 2012; Wang et al. 2005).  
Cross-species duplicate specific primers were designed for the duplicate genes in 
D. mojavensis and D. virilis. The primers were BLAST against both genomes to ensure 
they would not amplify any other region. Splice-variant specific primers were also 
designed for D. melanogaster. Those primers were also BLAST against the D. 
melanogaster genome to ensure it would not amplify any other region.  
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APPENDIX I  
Table A1 GO term enrichments from male and female-biased genes  






Items GO: Biological Process P Padj 
GO:0022008 neurogenesis  1.94E-67 3.70E-64 
GO:0007052 mitotic spindle organization  8.48E-29 8.09E-26 
GO:0000398 nuclear mRNA splicing, via spliceosome  3.32E-23 2.11E-20 
GO:0048477 oogenesis  8.18E-20 3.90E-17 
GO:0007067 mitosis  1.40E-17 5.35E-15 
GO:0006367 
transcription initiation from RNA polymerase II 
promoter  1.71E-13 5.44E-11 
GO:0006260 DNA replication  5.76E-13 1.57E-10 
GO:0000381 
regulation of alternative nuclear mRNA splicing, via 
spliceosome  1.50E-12 3.58E-10 
GO:0007095 
mitotic cell cycle G2/M transition DNA damage 
checkpoint  2.25E-12 4.77E-10 
GO:0007049 cell cycle  1.05E-10 2.00E-08 
GO:0042254 ribosome biogenesis  1.77E-09 3.08E-07 
GO:0006357 
regulation of transcription from RNA polymerase II 
promoter  2.24E-09 3.57E-07 
GO:0006281 DNA repair  7.06E-09 1.04E-06 
GO:0006325 chromatin organization  1.37E-08 1.87E-06 
GO:0006364 rRNA processing  2.20E-08 2.80E-06 
GO:0051276 chromosome organization  2.36E-08 2.82E-06 
GO:0007306 eggshell chorion assembly  4.42E-08 4.97E-06 
GO:0006342 chromatin silencing  3.82E-07 2.92E-05 
GO:0008360 regulation of cell shape  8.44E-07 6.19E-05 
GO:0007076 mitotic chromosome condensation  9.64E-07 6.82E-05 
GO:0006911 phagocytosis, engulfment  1.03E-06 7.02E-05 
GO:0007307 eggshell chorion gene amplification  1.07E-06 7.07E-05 
GO:0006974 response to DNA damage stimulus  1.18E-06 7.53E-05 
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Female-Biased in D. persimilis enriched for the following GO terms  
 
GO:ID Biological Process P Padj 
GO:0022008 neurogenesis  9.21E-54 1.91E-50 
GO:0007052 mitotic spindle organization  5.00E-26 5.17E-23 
GO:0048477 oogenesis  3.12E-16 2.15E-13 
GO:0007067 mitosis  8.21E-15 4.24E-12 
GO:0000398 nuclear mRNA splicing, via spliceosome  9.93E-14 4.11E-11 
GO:0006367 
transcription initiation from RNA polymerase II 
promoter  4.82E-11 1.66E-08 
GO:0042254 ribosome biogenesis  6.64E-10 1.96E-07 
GO:0000022 mitotic spindle elongation  4.14E-09 1.07E-06 
GO:0006260 DNA replication  5.86E-09 1.35E-06 
GO:0000381 
regulation of alternative nuclear mRNA 
splicing, via spliceosome  8.76E-08 1.81E-05 
GO:0006270 DNA-dependent DNA replication initiation  1.02E-07 1.92E-05 
 
GO:0007095 
mitotic cell cycle G2/M transition DNA damage 
checkpoint  1.59E-07 2.75E-05 
GO:0007306 eggshell chorion assembly  1.04E-06 0.000143884 
GO:0045793 positive regulation of cell size  1.41E-06 0.00018224 
GO:0006325 chromatin organization  1.60E-06 0.000194784 
GO:0045214 sarcomere organization  3.37E-06 0.000366623 
GO:0007305 vitelline membrane formation involved in 3.35E-06 0.000385322 
Male -Biased in D. pseudoobcura enriched for following GO terms:  
 
  GO: ID Biological Process P Padj 
GO:0055114 oxidation-reduction process  6.24E-09 6.87E-06 
GO:0018401 
peptidyl-proline hydroxylation to 4-hydroxy-
L-proline  0.00028055 0.0257405 
GO:0006508 proteolysis  2.22E-07 0.000122245 
GO:0006629 lipid metabolic process  1.64E-06 0.00060093 
GO:0007602 phototransduction  0.000135499 0.021312 
GO:0005975 carbohydrate metabolic process  0.000243327 0.0267903 
GO:0006626 protein targeting to mitochondrion  0.00015414 0.0212135 
GO:0007018 microtubule-based movement  0.000495237 0.0363504 
GO:0006096 glycolysis  4.85E-06 0.00133517 
GO:0019731 antibacterial humoral response  0.000700368 0.0481941 
GO:0006099 tricarboxylic acid cycle  7.72E-05 0.0170017 
GO:0006810 transport  0.000259282 0.0259517 
GO:0030317 sperm motility  0.000371249 0.0291961 
GO:0006959 humoral immune response  0.000296754 0.0251327 
GO:0046692 sperm competition  8.86E-05 0.0162569 
GO:0006006 glucose metabolic process  0.000172803 0.0211396 
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chorion-containing eggshell formation  
GO:0006261 DNA-dependent DNA replication  5.72E-06 0.000563966 
GO:0008360 regulation of cell shape  5.55E-06 0.000574481 
GO:0006366 transcription from RNA polymerase II promoter  6.42E-06 0.000604209 
GO:0006396 RNA processing  1.07E-05 0.000923063 
GO:0006364 rRNA processing  1.07E-05 0.000958695 
GO:0006468 protein phosphorylation  2.09E-05 0.00172814 
GO:0007076 mitotic chromosome condensation  2.73E-05 0.00217622 
GO:0046331 lateral inhibition  3.37E-05 0.00248829 
GO:0006357 
regulation of transcription from RNA 
polymerase II promoter  3.33E-05 0.00255029 
GO:0007184 SMAD protein import into nucleus  5.12E-05 0.00365179 
GO:0006974 response to DNA damage stimulus  6.70E-05 0.00420266 
GO:0007317 
regulation of pole plasm oskar mRNA 
localization  6.10E-05 0.00420386 
 
 
Male D. persimilis enriched for the following GO terms  
 
GO:ID Biological Process P Padj 
GO:0055114 oxidation-reduction process  1.01E-06 0.00110569 
GO:0006626 protein targeting to mitochondrion  9.62E-06 0.00150163 
GO:0006096 glycolysis  9.62E-06 0.00150163 
GO:0005975 carbohydrate metabolic process  4.74E-06 0.00172852 
GO:0051603 
proteolysis involved in cellular protein catabolic 
process  9.22E-06 0.00201494 
GO:0007018 microtubule-based movement  4.28E-06 0.0023367 
GO:0007602 phototransduction  8.94E-06 0.00244286 
GO:0007140 male meiosis  4.80E-05 0.00582726 
GO:0046692 sperm competition  4.37E-05 0.00596928 
GO:0007291 sperm individualization  6.61E-05 0.00722309 
GO:0006006 glucose metabolic process  9.96E-05 0.00989561 
GO:0018401 
peptidyl-proline hydroxylation to 4-hydroxy-L-
proline  0.000132328 0.0120529 
GO:0030317 sperm motility  0.000201069 0.0169053 
GO:0006511 ubiquitin-dependent protein catabolic process  0.000420841 0.0306653 
GO:0007283 spermatogenesis  0.000405994 0.0316965 
GO:0006959 humoral immune response  0.000679248 0.0436717 
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TABLE A2: GO analyses for genes that switched from female-to-male bias 
  
GO:IDs Biological Process P Padj 
GO:0055114 oxidation-reduction process  0.000200067 0.00648789 
GO:0006629 lipid metabolic process  0.00417904 0.0499286 
GO:0007602 phototransduction  0.000104103 0.0047263 
GO:0016059 deactivation of rhodopsin mediated signaling  1.93E-05 0.00146254 
GO:0005975 carbohydrate metabolic process  0.000743923 0.0187634 
GO:0045214 sarcomere organization  3.38E-06 0.00038373 
GO:0007519 skeletal muscle tissue development  0.000585024 0.0166 
GO:0042049 cellular acyl-CoA homeostasis  0.00297283 0.0449888 
GO:0070588 calcium ion transmembrane transport  0.00297283 0.0449888 
GO:0006006 glucose metabolic process  5.99E-05 0.00339956 
GO:0050962 
detection of light stimulus involved in sensory 
perception  1.77E-06 0.000402784 
GO:0030239 myofibril assembly  0.00393211 0.0495882 
GO:0030845 
inhibition of phospholipase C activity involved in G-
protein coupled receptor signaling pathway  0.000147373 0.0055756 
GO:0016062 adaptation of rhodopsin mediated signaling  0.000870104 0.0179558 
GO:0006071 glycerol metabolic process  0.00393211 0.0495882 
GO:0006874 cellular calcium ion homeostasis  0.00393211 0.0495882 
GO:0060537 muscle tissue development  0.000870104 0.0179558 
GO:0006936 muscle contraction  0.00297283 0.0449888 
GO:0006497 protein lipidation  0.00143856 0.0272127 
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GO: Biological Process P Padj 
GO:0007052 mitotic spindle organization  7.90E-06 0.000893054 
GO:0001556 oocyte maturation  1.90E-05 0.00107626 
GO:0006959 humoral immune response  1.98E-05 0.000747362 
GO:0007056 spindle assembly involved in female meiosis  3.80E-05 0.00107453 
GO:0000212 meiotic spindle organization  0.000132484 0.00299414 
GO:0050830 defense response to Gram-positive bacterium  0.000142535 0.00268441 
GO:0022008 neurogenesis  0.000452698 0.00730783 
GO:0007018 microtubule-based movement  0.00175849 0.0248387 
GO:0019731 antibacterial humoral response  0.00198849 0.0249666 
GO:0007067 mitosis  0.00203967 0.0230483 
GO:0016321 female meiosis chromosome segregation  0.00300559 0.0178754 
GO:0007049 cell cycle  0.00400342 0.0215422 
GO:0050829 defense response to Gram-negative bacterium  0.00400342 0.0215422 
GO:0042742 defense response to bacterium  0.00421905 0.0216706 
GO:0007147 female meiosis II  0.00764789 0.0288071 
GO:0046594 maintenance of pole plasm mRNA location  0.00764789 0.0288071 
GO:0006446 regulation of translational initiation  0.0101845 0.0319681 
GO:0007144 female meiosis I  0.0101845 0.0319681 
GO:0046012 positive regulation of oskar mRNA translation  0.0101845 0.0319681 
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Table	  A3	  	  
Genes with D. melanogaster orthologs that switch from M-F bias in both  
D. pseudoobscura and D. persimilis 
 
  
D. pse gene name  D. mel gene name D.mel FBGN 
Dpse\GA13566  CG15202  FBgn0030271  
Dpse\GA14834  CG18190  FBgn0034403  
Dpse\GA20032  RpS5b   FBgn0038277  
Dpse\GA26658  wisp   FBgn0260780  
 
Genes with D. melanogaster orthologs that switch from F-M bias in both 
D. pseudoobscura and D. persimilis 
D. pse gene name  D. mel gene name D.mel FBGN 
Dpse\Est-5B   Est-6-PA  FBgn0000592  
Dpse\GA27207  AttA-PA  FBgn0012042  
Dpse\GA28633  CG14096  FBgn0036871  
Dpse\GA23745  Aats-asn-PA  FBgn0086443  
Dpse\GA23746  Aats-asn-PA  FBgn0086443  
Dpse\GA15129  sls-PX   FBgn0086906  
Dpse\GA29314  Rdl   FBgn0004244  
Dpse\GA18512  Pdh   FBgn0011693  
Dpse\GA10902  TM4SF  FBgn0020372  
Dpse\GA19674  fau   FBgn0020439  
Dpse\GA25973  CG16704  FBgn0031558  
Dpse\GA12705  CG14022  FBgn0031700  
Dpse\GA10180  CG10237  FBgn0032783  
Dpse\GA21243  nrv3   FBgn0032946  
Dpse\GA11590  CG12374  FBgn0033774  
Dpse\GA14498  CG17386  FBgn0033936  
Dpse\GA10635  CG10911  FBgn0034295  
Dpse\GA10968  CG11388  FBgn0034959  
Dpse\GA13274  CG14823  FBgn0035734  
Dpse\GA23704  CG6910  FBgn0036262  
Dpse\GA12764  CG14109  FBgn0036364  
Dpse\GA18419  CG4770  FBgn0038751  
Dpse\GA24253  CG16926  FBgn0040732  
Dpse\GA26199  Pif1B   FBgn0046874  
Dpse\GA24366  Unc-89  FBgn0053519  
Dpse\GA25953  CG34172  FBgn0085201  
Dpse\GA24888  CG34225  FBgn0085254  
Dpse\GA27541  CG42508  FBgn0260234  
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APPENDIX II 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table	  A2-­‐1:	  Percent	  Amino	  Acid	  Sequence	  Identity	  
Numbers	  reflect	  percent	  sequence	  identity	  at	  the	  amino	  acid	  level	  relative	  to	  D.	  
melanogaster.	  
	  
Dsim	   Dsec	   Dyak	   Dere	   Dana	   Dpse	   Dper	   Dwil	   Dmoj	   Dvir	   Dgri	  
arr1	   96	   96	   96	   96	   95	   94	   94	   94	   94	   93	   93	  
arr2	   94	   93	   94	   96	   92	   93	   93	   92	   93	   91	   92	  
calX	   96	   96	   94	   94	   85	   77	   75	   79	   68	   70	   72	  
CdsA	   95	   95	   95	   94	   89	   90	   90	   88	   89	   89	   87	  
Galpha49B	   80	   80	   80	   80	   80	   79	   79	   79	   82	   84	   82	  
GBeta76C	   100	   100	   100	   100	   98	   94	   94	   95	   97	   96	   96	  
Ggamma30A	   99	   100	   100	   100	   99	   99	   100	   97	   100	   97	   99	  
inaC	   99	   99	   99	   99	   94	   92	   93	   93	   93	   91	   92	  
inaD	   87	   88	   87	   87	   80	   79	   75	   76	   75	   76	   75	  
inaE	   97	   98	   98	   98	   95	   95	   92	   92	   92	   93	   91	  
inaF	   98	   98	   98	   98	   87	   86	   86	   85	   84	   87	   89	  
ninaA	   99	   99	   98	   98	   91	   93	   91	   91	   84	   84	   84	  
ninaB	   97	   97	   96	   96	   90	   84	   84	   83	   82	   80	   82	  
ninaC	   100	   94	   93	   93	   90	   88	   94	   89	   88	   87	   87	  
ninaD	   98	   98	   93	   94	   86	   79	   79	   79	   75	   76	   76	  
ninaE	   100	   100	   100	   100	   99	   99	   98	   98	   99	   98	   98	  
norpA	   95	   88	   88	   93	   88	   87	   86	   88	   88	   88	   87	  
pinta	   99	   98	   99	   97	   90	   85	   87	   82	   80	   80	   78	  
Pis	   99	   99	   98	   98	   96	   94	   94	   89	   88	   91	   92	  
Pld	   92	   96	   87	   90	   83	   82	   74	   80	   77	   77	   75	  
rbo	   97	   97	   97	   96	   94	   91	   91	   90	   90	   90	   90	  
rdgB	   87	   85	   89	   89	   87	   85	   84	   81	   85	   85	   84	  
rdgC	   100	   98	   97	   97	   94	   86	   87	   82	   80	   80	   81	  
Rh2	   99	   100	   98	   98	   94	   92	   92	   93	   91	   92	   88	  
Rh3	   96	   96	   96	   94	   94	   90	   90	   89	   87	   88	   86	  
Rh4	   97	   97	   96	   96	   94	   94	   94	   93	   90	   91	   90	  
Rh5	   99	   97	   98	   96	   94	   91	   91	   88	   86	   89	   82	  
Rh6	   97	   97	   97	   97	   94	   93	   93	   92	   88	   88	   88	  
santamaria	   91	   91	   92	   89	   85	   77	   75	   75	   74	   75	   76	  
stops	   90	   85	   87	   89	   81	   82	   84	   82	   74	   76	   73	  
sun	   100	   100	   100	   100	   85	   85	   85	   83	   74	   85	   81	  
trp	   85	   86	   85	   86	   91	   80	   80	   91	   92	   91	   90	  













dN,	  values	  for	  all	  phototransduction	  genes	  across	  the	  different	  lineages	  	  
	  
	  








arr1	   0.056	   0.020	   0.002	   0.007	   0.030	  
arr2	   0.067	   0.027	   0.002	   0.012	   0.031	  
calX	   0.904	   0.429	   0.038	   0.196	   0.817	  
CdsA	   0.144	   0.119	   0.005	   0.017	   0.057	  
Galpha49B	   0.145	   0.024	   0.026	   0.034	   0.196	  
GBeta76C	   0.116	   0.062	   0.004	   0.024	   0.036	  
Ggamma30A	   0.104	   0.023	   0.000	   0.000	   0.000	  
inaC	   0.213	   0.126	   0.014	   0.045	   0.070	  
inaD	   0.327	   0.219	   0.024	   0.124	   0.187	  
inaE	   0.138	   0.097	   0.005	   0.225	   0.049	  
inaF	   1.194	   0.315	   0.031	   0.032	   0.061	  
laza	   0.897	   0.700	   0.063	   0.243	   0.270	  
ninaA	   0.384	   0.177	   0.017	   0.091	   0.123	  
ninaB	   0.410	   0.289	   0.038	   0.101	   1.043	  
ninaC	   0.167	   0.097	   0.011	   0.038	   0.047	  
ninaD	   0.702	   0.702	   0.065	   0.173	   0.216	  
ninaE	   0.070	   0.051	   0.004	   0.011	   0.007	  
norpA	   0.051	   0.031	   0.023	   0.027	   0.017	  
pinta	   0.500	   0.500	   0.025	   0.095	   0.216	  
pis	   0.249	   0.139	   0.011	   0.032	   0.105	  
Pld	   0.510	   0.330	   0.049	   0.028	   0.788	  
rbo	   0.120	   0.080	   0.008	   0.147	   0.036	  
rdgB	   0.191	   0.125	   0.029	   0.045	   0.049	  
rdgC	   0.333	   0.182	   0.007	   0.026	   0.099	  
Rh2	   0.181	   0.096	   0.019	   0.056	   0.117	  
Rh3	   0.245	   0.154	   0.072	   0.084	   0.189	  
Rh4	   0.151	   0.060	   0.005	   0.029	   0.129	  
Rh5	   0.337	   0.193	   0.032	   0.058	   0.882	  
Rh6	   0.141	   0.069	   0.004	   0.026	   0.060	  
santamaria	   0.471	   0.471	   0.051	   0.126	   0.181	  
stops	   0.547	   0.415	   0.042	   0.192	   2.652	  
sun	   0.824	   0.499	   0.014	   0.137	   0.235	  
trp	   0.349	   0.238	   0.054	   0.089	   0.100	  
























arr1	   4.299	   3.689	   0.556	   1.511	   0.844	  
arr2	   4.147	   3.367	   0.556	   1.364	   0.945	  
calX	   6.029	   3.753	   0.390	   1.687	   1.585	  
CdsA	   4.084	   3.590	   0.407	   1.529	   0.715	  
Galpha49B	   2.927	   1.485	   0.148	   0.460	   2.200	  
GBeta76C	   3.433	   2.370	   0.350	   1.089	   0.873	  
Ggamma30A	   1.547	   1.047	   0.074	   0.225	   0.367	  
inaC	   5.653	   4.090	   0.538	   1.755	   1.655	  
inaD	   5.135	   4.239	   0.438	   1.577	   1.210	  
inaE	   3.939	   3.020	   0.401	   1.245	   0.662	  
inaF	   6.102	   6.255	   0.355	   1.653	   1.118	  
laza	   7.374	   5.644	   0.803	   2.977	   1.256	  
ninaA	   7.275	   6.759	   0.706	   2.575	   1.456	  
ninaB	   5.832	   4.279	   0.546	   1.853	   1.552	  
ninaC	   5.346	   3.733	   0.591	   1.920	   1.187	  
ninaD	   6.693	   4.975	   0.475	   1.785	   1.449	  
ninaE	   3.009	   2.243	   0.324	   0.767	   0.549	  
norpA	   4.403	   3.134	   0.437	   1.513	   0.998	  
pinta	   6.288	   4.465	   0.479	   2.154	   1.118	  
pis	   3.892	   3.120	   0.347	   0.919	   1.077	  
Pld	   6.320	   4.826	   0.447	   1.984	   1.499	  
rbo	   5.684	   4.687	   0.447	   2.247	   1.527	  
rdgB	   4.331	   3.147	   0.416	   1.408	   1.058	  
rdgC	   6.373	   4.873	   0.469	   1.488	   1.440	  
Rh2	   5.241	   3.536	   0.518	   1.798	   1.202	  
Rh3	   5.121	   3.157	   0.504	   1.363	   1.788	  
Rh4	   5.383	   3.776	   0.568	   1.736	   1.297	  
Rh5	   6.303	   4.404	   0.542	   1.713	   1.696	  
Rh6	   4.740	   3.294	   0.429	   1.307	   1.043	  
santamaria	   5.774	   3.804	   0.715	   1.795	   1.348	  
stops	   3.958	   2.720	   0.371	   1.173	   0.986	  
sun	   7.193	   6.236	   0.695	   2.198	   1.543	  
trp	   4.860	   3.496	   0.371	   1.518	   1.201	  
trpl	   4.891	   3.706	   0.450	   1.451	   1.117	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arr1	   0.013	   0.006	   0.005	   0.004	   0.036	  
arr2	   0.016	   0.008	   0.009	   0.004	   0.030	  
calX	   0.149	   0.111	   0.086	   0.073	   0.212	  
CdsA	   0.035	   0.031	   0.022	   0.012	   0.041	  
Galpha49B	   0.049	   0.016	   0.1749	   0.066	   0.089	  
GBeta76C	   0.034	   0.026	   0.011	   0.012	   0.039	  
Ggamma30A	   0.067	   0.060	   0.000	   0.000	   0.015	  
inaC	   0.038	   0.031	   0.026	   0.025	   0.039	  
inaD	   0.064	   0.052	   0.063	   0.037	   0.140	  
inaE	   0.035	   0.030	   0.026	   0.016	   0.064	  
inaF	   0.196	   0.127	   0.136	   0.086	   0.243	  
laza	   0.122	   0.124	   0.082	   0.079	   0.215	  
ninaA	   0.052	   0.025	   0.033	   0.024	   0.085	  
ninaB	   0.069	   0.068	   0.020	   0.069	   0.081	  
ninaC	   0.032	   0.026	   0.103	   0.019	   0.039	  
ninaD	   0.106	   0.100	   0.136	   0.136	   0.184	  
ninaE	   0.023	   0.023	   0.018	   0.010	   0.013	  
norpA	   0.012	   0.010	   0.046	   0.044	   0.017	  
pinta	   0.080	   0.060	   0.046	   0.052	   0.181	  
pis	   0.063	   0.045	   0.044	   0.033	   0.098	  
Pld	   0.078	   0.066	   0.073	   0.089	   0.127	  
rbo	   0.021	   0.017	   0.018	   0.016	   0.023	  
rdgB	   0.044	   0.039	   0.032	   0.069	   0.046	  
rdgC	   0.052	   0.037	   0.018	   0.016	   0.069	  
Rh2	   0.034	   0.027	   0.030	   0.035	   0.073	  
Rh3	   0.047	   0.048	   0.061	   0.143	   0.045	  
Rh4	   0.027	   0.015	   0.015	   0.008	   0.068	  
Rh5	   0.053	   0.043	   0.034	   0.059	   0.065	  
Rh6	   0.030	   0.021	   0.020	   0.008	   0.057	  
santamaria	   0.081	   0.075	   0.070	   0.071	   0.121	  
stops	   0.138	   0.139	   0.156	   0.112	   0.201	  
sun	   0.116	   0.081	   0.063	   0.021	   0.153	  
trp	   0.072	   0.068	   0.057	   0.051	   0.086	  
trpl	   0.069	   0.070	   0.063	   0.061	   0.103	  
	  108	  
Table	  A2-­‐5:	  List	  of	  genes	  in	  each	  functional	  cateogory	  of	  the	  phototransduction	  pathway	  and	  













Chromophore	   dN	  
ninaB	   0.410	   0.289	   0.038	   0.101	   1.043	  
ninaD	   0.702	   0.493	   0.065	   0.173	   0.303	  
pinta	   0.500	   0.266	   0.025	   0.095	   0.216	  
santamaria	   0.471	   0.285	   0.051	   0.126	   0.181	  
	   	   	   	   	   	  Rhodospin	  cycle	  
	   	   	   	   	  arr1	   0.056	   0.020	   0.002	   0.007	   0.030	  
arr2	   0.067	   0.027	   0.002	   0.012	   0.031	  
rdgC	   0.333	   0.182	   0.007	   0.026	   0.099	  
ninaE	   0.070	   0.051	   0.004	   0.011	   0.007	  
Rh2	   0.181	   0.096	   0.019	   0.056	   0.117	  
Rh3	   0.245	   0.154	   0.072	   0.084	   0.189	  
Rh4	   0.151	   0.060	   0.005	   0.029	   0.129	  
Rh5	   0.337	   0.193	   0.032	   0.058	   0.882	  
Rh6	   0.141	   0.069	   0.004	   0.026	   0.060	  
sun	   0.824	   0.499	   0.014	   0.137	   0.235	  
ninaA	   0.384	   0.177	   0.017	   0.091	   0.123	  
	   	   	   	   	   	  Heterotrimeric	  G-­‐protein	  
	   	   	   	   	  Galpha	   0.145	   0.024	   0.026	   0.034	   0.196	  
GBeta	   0.116	   0.062	   0.004	   0.024	   0.036	  
Ggamma	   0.027	   0.023	   0.000	   0.000	   0.000	  
	   	   	   	   	   	  
	   	   	   	   	   	  PIP2	  regeneration	  
	   	   	   	   	  norpA	   0.051	   0.031	   0.023	   0.027	   0.017	  
CdsA	   0.144	   0.119	   0.005	   0.017	   0.057	  
PIS	   0.249	   0.139	   0.011	   0.032	   0.105	  
rdgB	   0.191	   0.125	   0.029	   0.045	   0.049	  
laza	   0.897	   0.700	   0.063	   0.243	   0.270	  
PLD	   0.510	   0.330	   0.049	   0.028	   0.788	  
rbo	   0.120	   0.080	   0.008	   0.147	   0.036	  
stops	   0.547	   0.415	   0.042	   0.192	   2.652	  
inaE	   0.138	   0.097	   0.005	   0.225	   0.049	  
	   	   	   	   	   	  Ion	  channel	  associated	  
	   	   	   	   	  trp	   0.349	   0.238	   0.054	   0.089	   0.100	  
trpl	   0.337	   0.270	   0.028	   0.095	   0.115	  
calx	   0.904	   0.429	   0.038	   0.196	   0.817	  
inaF	   0.025	   0.315	   0.031	   0.032	   0.061	  
	   	   	   	   	   	  inaD	  signalling	  complex	  
	   	   	   	   	  ninaC	   0.167	   0.097	   0.011	   0.038	   0.047	  
inaD	   0.327	   0.219	   0.024	   0.124	   0.187	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